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FOREWORD

This annual report is the third of a series of similar summary reports

and is a compilation of the information in the five bimonthly interim re-

ports submitted during the period July i, 1963 to June 30, 1964. The first

summary report, submitted July I, 1962, contained the results of six months

of investigation and the second summary report, submitted July I, 1963,

contained the results of the next 12 months of investigation.

This report is organized into six parts. The first part is a summary

containing the table of contents, the scope of work as defined in the con-

tract, a brief summary of the technical material in the report, and a sum-

mary of the work time of each one of the project personnel. The remaining

five parts contain the technical information and data and is divided into

the major technical subject areas of investigation. The major areas of

study are convenient in that it helps in defining the areas of investi-

gation for the research personnel. The major subject areas are: analysis

and performance, contacts, design, vibration and design theory. Each sub-

ject has a brief summary presented at the beginning of that part along

with a table of contents. __t._.j

The information contained in each of the technical parts is compiled

from the various interim report sections and consequently contains the

section numbering used in that particular interim report. In order to

maintain continuity of presentation the interim report sections used to

make up each part of this report may not be in chronological order. In

case the chronological order is deslre_.......Ln_ tabs _^__c..__~_u=,L_,__,=.....o=_.._^_

in a given interim report are assigned a particular color. The numbering

of the interim was started with the first one covering the period of
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!



January and February 1962. The interim report numbers for the per_o4 of

this summary report ape the 9th, lO%h, 1]Th, 12Th and 13th. The *eh color

code associated with the interim reports is as fellows. 9th - eranEe,

10th - rose, llth - green, 12th - blue, and 13th - yellow.

This report presents findings of investigations involving only

qumrent switching devices as required by the basic contract and subsequent

modifications. As instructed, the proposal submitted for Modification

No. 2 covered study of _ vgltage switching devices, but This aspect of

the work was not included in the modification when for_ally included in

the contract. Fumthem expansion of The scope of work is recommended so That

chamac%erlstlcs of highe F voltage switchln_ devices can be studied,

covering both contactors and motor-driven switches to distribute 56

volts dc power in space vehicle circuitry.

The various sections of The interim reports are written by dlffepent

project personnel. Effort has been made To make The different sections

conform To a consistent pattern of presentation and format but inevitably

some differences exist,

The project technical personnel consist of _raduate research assist-

ants who are actively pursuing M.S. or Ph.D. deKrees and faculty in the

ColleKe of EnKineering. It is thmough their effort and Zhe Technical

supervisors at the GeorKe C. Marshall Space Fli_ht Center that this report

is possible.

iv
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REPORT SUMMARY

The general objective pursued in this study was the development of

mathematical models which represent the various energy conversion systems

making up a power relay. The models were and are to be used to predict

the performance, to optimize various characteristics and to study ways

to obtain the greatest information from the use of such models. Also,

part of this objective involved investigating better ways to measure the

response of the hermetically sealed unit.

The scope of work, as defined in this contract modification, has

been divided into five areas of investigation. The subject areas of

investigation are: analysis and performance, contacts, design, vi-

bration and design theory.

Presented in the part on analysis and performance is the use of

the transient coil current derivative along with the transient coil

current as a means of studying the influence of temperature on the

dynamic operation of the power relay. Also presented is the develop-

ment of a means to calculate the approximate armature motion of a

hermetically sealed device by taking measurements from the x - y

presentation of the transient coil current and the average transient

coil flux. Included in this part is the development of a proposed re-

lationship which allows the quantitative comparison of power relays

by including the effects of various characteristics of the unit.

In the contact area work was initiated into the determination of

the relationship between the contact material transfered and the arc

energy and also the relationship among the parameters and the arc

vii
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energy. A numerical solution for the arc energy as a function o£ the

arc characteristics is presented. 0nly a limited amount of experimental

data has been obtained to date on arc energy and material trans£ered.

Some theory on the "short arc" is also presented.

Zn design the objective was the determination of parameters that

can be optimized and relationships to represent the device. A study

of circular and square cross section cores reveals that the circular

cross section core is 1.27 times more efficient in terms of the pull

per watt. Also, presented is a study of the influence of the apex

angle of shaped pole pieces on maximum pull. The angle for maximum

pull is a function of the ratio of the working circuit reluctance to

the non-working circuit reluctance. Also included is the result of a

design modification of the 3OO ampere contactor. The modification was

to determine if it is possible to eliminate the coil switching arrangement

by maximizing the pull per watt. The theoretical development indicates

that a one coil unit, with no switching of the coil and using essen-

tially the same holding power as the original design, is possible. An

experimental verification of this modification is desirable because og

the assumptions that had to be made to use the existing mathematical

model.

The vibration part of this report presents the results of a thorough

study og the resonant conditions existing in the 75 ampere rotary type

relay, Different mounting arrangements have been evaluated and at

present it has been possible to shift the resonant frequency from

about 600 cps to about 1500 cps. To obtain a satisfactory unit the

resonant frequency will have to be shifted out beyond 2000 cps.

viii
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The design theory part presents two techniques for checking the

consistency of a set of selected parameters of a mathematical model.

Also, a procedure for determining whether or not a group of relation-

ships is independent is presented.
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SCOPE OF WORK January i, 1962

The work will consist of the following:

(a) Review several contactor designs presently employed for space

vehicle applications and select the most promising design for

further analysis.

(b) Analyze in detail the design to determine the parameters

which are not consistent with the requirements.

(c) Propose a modified design which would more nearly satisfy the

required performance.

(d) The design performance of the contactor is as follows:

(I) Withstand 20G or more vibration with a frequency range

of I0 to 2000 cps.

(2) That the contactor have a minimum llfe of i0,000 oper-

ations at rated load.

0 0

(3) Temperature limits - 65 to + 125 F.

(4) Contactor shall be contained in hermetically sealed

package.

(e) Evaluate modified design unit

MODIFICATION I July 1, 1962

I. Progress thus far has provided data from transient coil current

build-up traces to determine the particular form of certain design re-

lationships. Because of apparent armature delay during operation_ the

total function time of the armature will be divided into initial and

final periods. Each interval will have a pick-up transit time. It apo

pears that agreement exists between theoretically developed relation-

ships and the form of the measured traces. Transient coil current decay

will be used with current coil build-up date to verify the form of the

X
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design relationships.

2. It is the intended purpose to develop equations and from these

equations develop a mapping technique to analyze, not only the elect-

rical relationships, but also, the mechanical and contact relationships

in order to arrive at a means for determining the parameters which may

be consistent with the specification requirements. With this approach,

it is the goal from these studies to determine if a design will meet

specification requirements by analysis rather than trial and error pro-

duction, and continued testing and modification. Particular attention

will be spent, in the first few weeks of this additional effort, in

testing existing contactor designs and writing suitable performance

equations which relate mass, spring tension, and other variables.

These equations will then be used, with the design procedure which has

already been developed, to design a contactor which will withstand 20G

vibration with a frequency range of i0 to 2000 cps.

3. Contactors which were tested at rated contact current and

high inductance were found to overheat. Test runs of load on the

contacts of a given contactor under various loading of current and

inductance with several ambient temperature conditions need to be per-

formed. Information is required to determine the characteristic temp-

erature equations to use in the design procedure.

4. It is the intent of this contract to be able at its completion

to specify the parameters that prevent a contactor from meeting a given

specification and also to be able to give the parameters to design a new

unit,

xl
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MODIFICATION II July i, 1963

ao Study of design of the thermal characteristics from extreme

O

low temperatures to 125 C for a relay.

b. Study of materials which influence design and those materials

which influence relay performance at extreme low temperature to 125°C

(springs, coils, insulation).

c. Attempt to design the coil of a relay for use at a temperature

range of - 85°C to + 125°C. If this is not feasible, recommend designs

which should be recommended for use at low temperatures.

d. Continue study of the design of the mechanical system of a

relay in an attempt to design the mechanical system to reduce its su-

sceptability to vibration.

e. Continue study of a relay (or contactor) design to determine

maximum pull per wa_t and if possible maximum pull per watt per unit of

weight over a range of stability factors for various parameters to ob-

tain design for optimum conditions.

fo Make a study of relay contacts in an attempt to design and

specify contacts°

g. Make a study of relay design parameters to find optimum design

relationships and criteria°

h. Translate word specifications to significant design parameters.

i. Assist relay manufacturer with design or modification of design

for specific performance as required for space application.

xii
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SUMMARY OF MAN HOURS

Annual Summary Report: I July, 1963 to 30 June, 1964

Interim Report Periods:

9th

lOth

llth

12th

13th

I July to 30 Sept., 1963"

I Oct. to 30 Nov., 1963

i Dec., 1963 to 31 Jan., 1964

I Feb. to 31 March, 1964

i April to 31 May, 1964

(a)

Time

on

Project

Engineering

D. D. Lingelbach 50%

Project Director 100%

A. F. Baker

Periods

9th lOth llth 12th 13th June

V/H/1/1/1///////////////////////////

50% F__/IIIIIIIIIIII/IIIIIIIIIlIIIlIIIIIIIIIIIIA

1oo% _ too%August

VlIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIA

Started September I

1///11111111111111111111111111111111111111/50% July

W. A. Kyrk 50%

A. L. Lindorfer 25%

5o%

T. J. Pemberton 25%

100%

R. M. Penn 50%

L. C. Thomason 50%

H. W. Shira 50%

P. K. Shih 25%

M. E. Council 25%

G. C. Stone 50%

100%

(b) Secretarial

K. A. McBride 100%

(c) Technician

M. L. Colpitts 100%

Y7777_

Y/lllllllllll/ll/llllll/l//lllll//lllll_

Started September i

50% July

100% August

_7777_

V/1/1/1////////////////////////////////IlIA

V/I///I////I/II///////II//IIII/II////i////A
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The academic staff of the Oklahoma State University is appointed

for nine months plus a vacation of one month for a given salary. When

a person works two months during the summer, this pay is at the rate of

ten per cent of his pay for the academic year per month. Working hours

are dO hours per week except where vacation periods are established by

the University. Research personnel are assigned a given percentage of

their total time to a project, and relieved of other duties for the

corresponding time assigned to the project.
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SUMMARY

Part B

Analysis and Performance

The information presented in this part is the result of pursuing the

objective of trying to find better ways to obtain more and better data about

the response of a hermetically sealed power relay.

The testing techniques are essentially limited to making electrical

tests at the terminals of the device. From these tests it is desired to

obtain the mechanical, magnetic as well as the electrical response of the

device. The simultaneous presentation of the response of more than one

variable gives more accurate information so the use of the dual beam os-

cilloscope is almost mandantory. The combination of data obtained by steady

state and transient tests results in much more useful information than the

data of either by itself. More complete information is obtained from the

transient data than the steady state data since the transient information

is available for all periods of the operation while the steady state is

limited to certain periods.

The first section of this part shows that the transient coil current

time derivative presented along with the transient coil current gives ad-

ditional and more conclusive information about the response of the device

than the transient coil current alone. Data of the transient response

obtained from sample open type units can be used with the transient data

from sealed units to determine mechanical and magnetic behavior of the

unit _........ _-_ +_ vario,,_ _n_n_ rn_l currents and their time

derivatives. In the second section of this part the coil current de-

rivative technique was used to show the possibility of obtaining infor-

mation about the influence of temperature on the spring constants and

I
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overtravel distances of a hermetically sealed power relay.

The third section of this part is another example of the greater ef-

fectiveness of using transient information to examine the response of a

sealed unit. The unit tested was a two coil operate-one coil hold ar-

rangement and by using transient data it was possible to show that the

control switch used to switch the coil malfunctioned on certain occasions.

Some of this information would have been inpossible to obtain by a steady

state test. In fact an error in the schematic diagram was determined by

using the transient test.

The next four sections of this part presents the development of a

technique refered to as the Energy Cycle Curve. This energy cycle curve

is a presentation of the transient coil current and the transient average

coil flux as an x - y plot. The relationship between the coil current and

coil flux is the magnetic reluctance. Utilizing the transient value of re-

luctance it is possible to obtain an approximation to the armature motion

as a function of time from the energy cycle curve. This can be done on a

hermetically sealed device.

The last section of this part deals with a proposed way to quantitatively

compare the required and desirable characteristics of several possible con-

tactors. The main problem is the determination of weighting factors to

associate with the parameters being considered.

I
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SECTION III

CONTACTOR EVALUATION BY _ANS OF THE COIL CURRF_T DERIVATIVE

The transient response of the coil current and contact voltage of a contactor

to a given input voltage has resulted in an effective way to analyze its perform-

ance. To date, the analysis has been limited essentially to examining the current

or voltage trace presented on the oscilloscope as recorded on film. Additional

ways are being investigated to obtain more or other types of information from

the transients associated with the contactor.

In the analysis of the performance of the contactor, ultimately the tests

must be those that can be used on a hermetically sealed device. To obtain in-

formation about the mechanical dynamics of the contactor in terms of electrical

quantities is the main objective of examining these transients. The technique

explained in this section is the possibility of electronically differentiating

the coil current transient and using this information to help understand the per-

formance of the contactor, especially the mechanical dynamics.

The coil current signal is fed to an operational amplifier connected such

that the output signal is the time derivative of the input signal. The coil cur-

rent signal and its derivative signal is then applied to a dual beam oscillo-

scope which results in the simultaneous display of both signals. More useful

information is obtained by the simultaneous display than by each one separately.

This dictates the use of a dual beam scope for best results.

One result more readily available from the coil current derivative than from

the coil current itself is the change in ai_ature velocity caused by it picking

up the contacts on make. This action is shown by the two traces in the oscillo-

gram shown in Figure 1. To emphasize this change in armature velocity when

making with the contacts, one of two things may be changed. Decreasing the coil

1 -III
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voltage or increasing the resistance in series with the coil will cause these

changes in armature velocity to be exaggerated. This is demonstrated by :raking

a comparison of the traces shown respectively in Figures l, 2, 3 and 4 or by

studying the three sets of traces in Figure 5. Figure 5 shows the results of

putting three sets of information on the same oscillogram which may be, at first,

a little difficult to interpret. It has the definite advantage of being able to

make a more direct comparison of the results.

For the contactor under examination, decreasing the voltage not only increases

the pick-up and closing times but results in the armature changing its velocity

considerable when making with the contacts and associated overtravel springs.

This is shown in the coil current traces by the presence of the double cusp,

and in the differential of the coil current trace, by the presence of the two

negative spikes.

The existence of some armature rebound is noticable in the derivative of

the coil current by the occurance of the "high" frequency oscillations in these

traces. One note of caution might be appropriate here and that is the derivative

of a signal is susceptible to including noise which can be the cause of some of

the "high" frequency oscillations in the trace. The reason noise was ruled out

in this case is that the observed oscillations appear to occur only after the

armature is supposed to strike something and does not show up before these times.

The series of oscillograms shown by Figures l, 2, 3 and 4 show the influence

of increasing the coil voltage from a value near pick-up to the rated value. At

the lower voltages the influence of the contacts making, which results in the

slowing aown of the armature, is readily obvioas. The _._,_:-- _-_.... _"-_^_,_

coil current because of this phenomena is a function of the "closeness,, of the

magnetic coupling of the coil and the sensitivity of the magnetic flux to changes

in armature air gap. The derivative of the coil current contains two negative

2- III
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s_ik_s in i_igmre !. The second spike is of greater sm_piit<de bLal bhe fii'st.

This may be caused by two possible reasons. One r_ason the second spike is longer

tha_ the first is that the air gap is small at this point, since the armature it

is seating on the pole piece. Consequently, a given change in air gap, at this

position, r_sults in a greater percentage change than when the air gap is in the

open position. Another reason why the second spike might be larger than the first

is that the _upact of the a_vaature with the pole face is more violent that the

_pact with the contacts, because of the overtravel springs when r_king with the

contacts.

Increasing the coil voltage tends to "smooth,' out the second cusp in the coil

current trace as show_ by comparison of Figures i and 2. In Figure 2, the change

caused by the _uaking of the contacts is not as noticable because of the increased

magnetic pull at this increased voltage.

Figure 3 shows the result o£ increasing the coil voltage from 13.6 v for

Figure 2 to 16 v for Figure 3. The coil current cusp is now essentially smooth

and shows little evidence, if any, of the contacts making. However, the coil

current derivative trace still shows a marked change in its position at the point

where the armature reacts to the making of the contacts. This is one of the _uain

advantages of recording or analyzing the coil current derivative is that it is

more s_nsitive to changes in the armature motion. In analyzing the perfo_nance

of hermetically sealed contactors electrical measurements are the only source of

inforr_mtion about both the magnetic and mechanical behavior of the contactor.

Figare 4 is the result of applying rated voltage to the coil. A scale

change was necessary in this oscillogram to keep the traces on the coordinates

b_t the results still show that the coil current cusp is very smooth now and the coil

3 - III
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current derivative is also essentially smooth. However, close examination of

the coil current derivative _,_ii show a slight change about one half the _:ay

do_l the negative spike which unfortunately fell exactly on the center coordinate

in this oscillogra_n. Figure 12 shows the same result but was obtained by c_lang-

ing the resistance in series with the coil and in this figure the change in the

coil curre_t derivative is more noticable since it is not on the coordinate.

Figure 5 shows the coil current and coil current derivative for three values

of coil voltage. It allows a more direct comparison of the effects of the in-

crease in voltage on the arr_ture change in velocity caused by the making of the

contacts.

Changing the coil voltage is not the only way the influence of the making

of the contacts on the armature motion phenomena can be studied. The series of

Figures 6, 7, 8, 9, i0, ii and 12 show the influence of this armature motion

change on the coil current and coil current derivative. One basic difference

of the series resistance approach over the variable coil voltage approach, is

that the value of the coil current derivative at t = 0 (the time the coil volt-

age is applied) is the same for all values of series resistance. In the vari-

able voltage case the value of the coil current derivative at t = 0 should vary

directly _ith the coil voltage applied. Even though the traces in the series of

Figures I, 2, 3 and 4 look similar to those in the series of Figure 6 to 12

there are a number of differences. Cases which are taken at the same steady

state coil current are different since in the series resistance case the t_ae

constant of the circuit is changed, while in the variable voltage case the time

constant of the circuit is not changed, but the initial rate of change of the

current is changed° Even the shape of the coil current cusp is different, being

flatter for the series resistance case.
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This discussion and samples of osci!lograms sho_ving transient coil currents

and coil current derivatives _ms been presented to show that additional infor-

mation can be obtained about the dynamic behavior of the contactor by studying

the coil current derivatives in conjunction with the transient coil current. The

main problem involved with the derivative of the coil current is that of noise

since the noise is differentiated along with the coil current signal.
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Vertical axis :

Horizontal axis :

Figure 1

Upper trace - coil current
Lower trace - coil current derivative

Time

I

I

I
I

I

Time scale:

Current scale:

*Coil voltage:

*Coil current:

i0 milliseconds/cm

I00 milliampergs/cm

13.25 volts dc

238milliamperes

Test Circuit values:

Shunt 1 ohm, sensitivity i00 mv/cm

Differentiator constants:

Zi = O.l_f, Zf = 0_i meg

Sensitivity 0.2v/cm uncalibrated
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Figure 2

Vertical axis :

Horizontal axis:

Upper trace - coil current
Lower trace - coil current derivative
Time

Time scale: •

Current _scale:

*Coil voltage:
*Coil current:

lO milliseconds/cm

100 milliampere s/cm

13.6 volts dc

245 milliamperes

m_ • •

Shunt i ohm, sensitivity iOO mv/cm

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensitivity O.2v/cm uncalibrated

*Changed from previous figure
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Figure 3

Vertical axis :

Horizontal axis :

Upper trace - coil current
Lower trace - coil current derivative

Time

Time scale:

Current scale:

*Coil voltage:
*Coil current:

lO milliseconds/cm

lO0 milliampere_/cm

16 volts dc

289milliamperes

Test circuit values:

Shunt i ohm, sensitivity i00 mv/cm

Differentiator constants:

Zi = O.l_f, Zf = O.Lmeg

Sensitivity 0.2v/cm uncalibrated

*Changed from previous figmre
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Figure 4

Vertical axis :

Horizontal axis:

*Time scale:

*Current scale:

*Coil voltage:
*Coil current:

Upper trace - coil current
Lower trace - coil current derivative
Time

5 milliseconds/cm

200 milliamperes/cm

28 volts dc

A96 milliamperes

Test circuit values:

Shunt i ohm, sensitivity 200 mv/cm*

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensitivity 0.Sv/cm calibrated*

*Changed from previous figure
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Figure 5

Vertical axis :

Horizontal axis:

Traces a, b, c coil current

Traces d, e, f coil current derivative
Time

*Time scale:

*Currenh scale:

*Coil voltage:

*Coil current:

i0 milliseconds/cm

i00 milliampere s/cm

Traces a & d = 17.7v; traces b & e = 1A.5v;
traces c & f = 13.3v

Traces a & d = 32Oma) traces b & e = 26Oma;
traces c & f = 24Oma

Test circuit values:

Shunt i ohm, sensitivity iCO m_/cm*

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensitivity 0.2v/cmuncalibrated*

*Changed from previous figures
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Figure 6

Vertical axis:

Horizontal axis

Upper trace - coil current
Lower trace - coil current derivative

Time

Time scale:

Current scale:

*Coil voltage:
*Coil current:

lOmilliseconds/cm

100milliampergs/cm

28 volts dc

219milliamperes

Shunt 1 ohm, sensitivity lO0 m_/cm

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensitivity 0.2v//cm uncalibrated

*Changed from previous figure
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Figure 7

Vertical axis :

Horizontal axis:

Upper trace - coil current
Lower trace - coil current derivative
Time

Time scale:

Current scale:

Coil voltage:
*Coil current:

lOn_lliseconds/cm

lO0 milliampere_/cm

28 volts dc

230 milliamperes

Test circuit values:

Shunt i ohm, sensitivity lOOmv/cm

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensitivity 0.2v/cmuncalibrated

*Changed from previous figure
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Figure 8

Vertical axis:

Horizontal axis :

Upper trace - coil current
Lower trace - coil current derivative

Time

Time scale :

Current scale:

Coil voltage:
*Coil current:

lOmilliseconds/cm

lOOmilliamperes/cm

28 volts dc

249 zilliamperes

Test Circuit values:

Shunt i ohm, sensitivity lOOmv/cm

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensitivity 0.2v/cm uncalibrated

*Changed from previous figure
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Figure 9

Vertical axis:

Horizontal axis:

Upper trace - coil current
Lower trace - coil current derivative

Time

Time scale:

Current scale:

Coil voltage:
*Coil current:

lO milliseconds/cm

lO0 milliamperes/cm

28 volts dc

260 milliamperes

Test circuit values:

Shunt 1 ohm, sensitivity lO0 mv/cm

Differentiator constants:

Zi = O.l_f, Zf = 0.i meg

Sensitivity 0.2v/cm uncalibrated

*Changed from previous figure
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Figure i0

Vertical axis:

Horizontal axis:

Upper trace - coil current
Lower trace - coil current derivative

Time

Time scale:

Current Scale:

Coil voltage:
*Coil current:

lOmilliseconds/cm

i00 milliampergs/cm

28 volts dc

296 milliamperes

Test circuit values:

Shunt 1 ohm, sensitivity lO0 mv/cm

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensivity 0.2_/cm uncalibrated

*Changed from previous figure
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Figure 12

Vertical axis :

Horizontal axis:

Upper trace - coil current
Lower trace - coil current derivative

Time

Time scale:

*Current scale:

....Coil voltage:
*Coil current:

i0 milliseconds/cm
200 milliamperes/cmi

28 volts dc:

A93 milliamperes

Test circuit values:

Shunt i ohm, sensitivity 200.mV/cm

Differentiator constants:

Zi = O.l_f, Zf = O.1 meg

Sensivity 0.2v/cm uncalibrated

*Changed from previous figure
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SECTIONII

INFLU_/_CEOFTEMPERATUREONTHEDIq{A_tlCOPERATION

OFA _IETICALLY SEALEDCONTACTOR

I

Analysis of a hermetically sealed device is primarily limited to that

information that can be obtained by electrical measurements at the ter-

minals of the device. By using the transient coil current and its time

I derivative and the contact voltage a certain amount of useful information

about the dynamic performance of the device can be obtained° The amount

I

I
I

of useful information is related to having previously correlated the

variations of the instantaneous coil current with other measurable quan-

ities on an open device embodying similiar principles. Familiarity of

the mechanics of the operation then allows one to obtain useful infor-

mation from the transient coil current.

f

I

I

In this investigation it was desired to determine the changes in

the mechanical system caused by the changes in temperature. In order

to do this meant that the change in the coil current, caused by the

change in resistance resulting from a change in temperature, must be

compensated for so that constant steady state current was maintained°

I

I
I

Constant steady state current was maintained by applying constant voltage

and adding a suitable series resistance in the coil circuit. By main-

taining constant voltage and constant total resistance, then that part

of the transient coil current, from the instant the coil was energized

until the armature started to move, was unchanged° Therefore, changes

I

I

in the instanbaneous coil current at differe_ t_mpenatu_es should be

caused by changes in the mechanical operation°

One effective way of determining changes in the instantaneous coil

current is to examine the time derivative of the coil current° The

i - II

I



I

I

I
i

instantaneous coil current and its derivative are shown in Figures 1

through 5. Both of these are shown simultaneously, to develop a

familiarity of the shape of the coil current derivative, which will be

used in other figures along with the contact voltage° The only sig-

nificant change in these traces as the _emperature decreased is the

slight increase in negative slope of the coil current derivative com-

mencing when the armature begins to move° On the oscillograms in

I
I

I

Figures 1 through 5, this point of movement occurs about 2 centimeters

(10 milliseconds) after the coil was energized° (A centimeter is a

major full line division on the oscillogram)o This increase in the

negative slope of the derivative indicates a change in the operation of

the mechanical system as the temperature decreases°

I
These oscillograms in Figures 1 - 5 were all taken with rated

voltage applied to the coilo It has been found that if the analysis is

performed on the contactor at reduced voltage then changes in the mechan-

I

I

ical operation are more effective in causing changes in the coil current°

Therefore, the set of oscillograms in Figure 6 through 15 were obtained

in order to show what part of the mechanical system is more suceptible

to changes in temperature° This set of oscillograms show the contact

I
I

I

voltage across one pair of contacts and the coil current derivative

simultaneously° Agai_ the steady state value of the coil current was

maintained constant as the temperature decreased by adding a suitable

series resistance to the coil circuit° However_ the voltage applied,

in this case, was near the room temperature pick-up value° For these

I

I

oscillograms the voltage applied was 13o5 volt_ dJ_o To help ca-_dersta_ud

the various points on the trace_ the general shape of the traces are

shown and explained in the sketch below° For purposes of discussion the

time represented by Oa is called pick-up time_ the time represented by

2- II
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ab contact transit bime and the time represented by bc as the contact

overtravel time.

the operate time.

i, v

The time represented by Ob is commonly referred to as

O

_ di/dt
'L___x _ _

rebound

a

-_ k ) t
Armature starts _o)_ \

move, determined _ _rmature seats as shown

by value of ip _ \by final cusp

Initial make of power _ 1

contacts shown by first(_ /
cusp and verified by
contact voltage J

One problem which arises, when data are collected for the steady

state coil current near the pick-up valve 9 is that the behavior of the

contactor is more random in nature than at rated value° This makes it

a little more difficult to establish trends in the changes which occur.

Therefore, a record of the randomness that occurs is presented in the

first oscillogr_ and this is sho_T_in Figarc 6o This sho,:rsfour con-

secutive operations of the contactor with all known parameters constant°

This happens to be taken at a temperature of -80°F but the same kind of

variation is present at other temperatures. There was no noticable change

3 - II
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I

in the variations at different temperatures but this point will be con-

sidered at another time° The variations in operate time was about 7.0

milliseconds out of a total operate time of about 60 milliseconds or about

a lO percent change. The variation in the contact overtravel time is

about 8 milliseconds out of 2% milliseconds,

Figures 7 through 15 shows the influence of the mechanical operation

on the coil current derivative. The major trends are an increase in

I

I

I

the operate time (represented by Ob in sketch) and an increase in the

contact overtravel time (represented by bc in the sketch), The shape

of the coil current derivative during the operate time shows no sig-

nificant change except in total time, The coil current derivative dur-

ing the contact overtravel time show some changes in shape but those seem

!
to be the result of the increase in time.

Inspection of the kinematics of the mechanical system of this con-

tactor is planned in order to establish what mechanical changes are

I
taking place caused by temperature changes that could result in the

changes recorded in the oscillogram.

I
It should be mentioned that the actual performance of the contactor

at low temperatures would exhibit a shorter operate time because of the

I

I
I

decrease in the coil resistance resulting in a greater steady state

value of the coil current at constant supply voltage, In this test

the coil circuit resistance was adjusted to keep the steady state value

of the coll current constant in order to study the changes in the me-

chanical system as the temperature was decreased.

i

I

ucc_u i_ un_ r_Cu.rU..L,CZ_of ..... data

and this is the proximity effect° The contactor under test was sealed

in a non-magnetic container and the first measurement was taken at room

temperature on a wooden bench and its operation is shown in Figure lo

A - II
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When the unit was placed in the temperature chamber it was placed on a

metal support to allow better air circulation around it and the oscil-

logram shown in Figure 16 is its operation under these conditions and

a temperature of 40°Fo A noticable change in the coil current derivative

is evident on the oscillogram about 3 1//2 centimeters after the point

of coil energizationo The change recorded at this point shows that the

slope of the coil current increased in a region where no or little

I
I

I

motion of the armature should occur° Also, the nature of the change is

not like the change caused by armature motion° From previous tests this

increase in the value of the coil current derivative is known to be

caused by magnetic saturation° _en the oscillogram in Figure 16 was

first recorded, it was thought this change was caused by the temperature.

However, after recording the oscillogram shown in Figure 17 which was at

a temperature of 20°F it was evident that temperature was not the cause.

Recalling the conditions at the room temperature made it evident that the

!

I

metal support in the temperature chamber was the cause of the magnetic

saturation. This implies that the leakage flux associated with this

device in the armature open position is fairly large° Close packaging

of units of this kind with the more sensitive relays might result in

I
I

I

problems.

The results of these tests indicate that the mechanical system does

change in such a manner that the operate time and the contact overtrave!

time increase with a decrease in temperature° A study is planned of the

kinematics of the mechanical system to ascertain the mechanism by which

I

I

I

this change occurs°

The results also show that the proximity effect can cause a sig-

nificant change in the transient coil current and the performance of

the device°
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Vertical axis:

Horizontal az_s:

T_le scale:

Current scale:

Coil voltage:

Coil current:

Test circuit values:

Differentiator constants:

Figure 1

Upper trace - coil current

Lower trace - coil current derivative

T_lle

5 z_illiseconds per cent_leter

200 n_lli_peres per centimeter

28 volts dc

526 milliamperes

O. 5 o1_-_ shunt

O.1 volt/cm sensitivity
73°F

Zi = l_f, Zf = O.1 meg ohm

1 volt/cm sensitivity
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Figure 2

Vertical axis:

Horizontal axis:

T_ae scale:

Current scale:

Coil voltage:

Coil current:

Test Circuit values:

Differentiator constants:

Upper trace - coil current

Lower trace - coil current derivative

Time

5 _lliseconds per centL_aeter

200 n_lliamperes per centimeter

28 volts dc

526 millis_uperes

0.5 ohm shunt

O.1 volt/cm sensitivity
O?F* "

Zi = ]4Lf, Zf = O.1 meg ohm

vuJ.u/ uJ*L_*_ J.u_.vJ.u.y

*Changed from previous figure
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Figure 3

Vertical axis:

Horizontal axis:

Tinge scale:

Current scale:

Coil voltage:

Coil current:

Test circuit values:

Differe_iator constants:

Upper trace - coil current

Lower trace - coil current derivative

Time

5 nElliseconds per cent_neter

200 millim_peres per cent_eter

28 volts dc

526 _Lilli_peres

O. 5 o_ilshunt

O.1 volt/c_1 sensitivity

Zi = ]4_f, Zf = O.]_1_eg o_a

1 volt/cm sensitivity

*Ch_iged from previous figure
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Figure 4

Vertical axis:

Horizontal axis:

T_ae scale:

Current scale:

Coil voltage:

Coil current:

Test circuit values:

Differentiator constants:

Upper trace - coil current

Lower trace - coil current derivative

Time

5 nilliseconds per cent_neter

200 milliamperes per cent_aeter

28 volts dc

526 _lli_aperes

0.5 ohn shunt

O.1 volt/cm sensitivity
-1OOOF*

Zi =l_f, Zf = O.1 meg ohm

1 volt/cm sensitivity

*Changed from previous figure
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Figure 5

Vertical axis :

Horizontal axis :

T_e scale:

Current scale:

Coil voltage:

Coil current:

Test circuit values:

Differentiator constants:

Upper trace - coil cul'rent

Lo_ler trace - coil current derivative

T_ae

5 milliseconds per centimeter

200 r_llianperes per cent_aeter

23 volbs dc

526 _:_lliamperes

O. 5 o_ shunt

O.1 volt/cm sensitivity
_120OF *-

Zi = _Lf, Zf = O.1 meg ohm

1 volt/cn sensitivity

*Changed from previous figure
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Figure 6

Vertical axis:

Horizontal axis:

*Ti_ae scale:

*Voltage scale :

*Coil voltage:

_Coil current :

*Test circuit values:

Differentiator constants :

Upper trace* - contact voltage

Lower trace - coil current derivative

T_e

lO l,_illiseconds per centimeter

5 volts per cent_ae_er

13.5 volts dc

245 milliamperes

-80OF

Zi = lt_f, Zf = O.1 meg ohm

1 volt/cm sensitivity

*Chan_ed from previous fi&_re
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Figure 7

R

I
!

Vertical axis:

Horizontal axis:

T_ue scale:

Upper trace - contact voltage

Lower trace - coil current derivative

T_e

lO _lliseconds per centilaeter

Coil voltage:

Coil current:

_est circuit values:

Differentiator constants:

Voltage scale: 5 volts per cent_aeter

13.5 volts dc

245 n_llialaperes

73 OF

Zi = l_f, Zf = 0.i meg ohm

1 volt/cm sensitivity

*Changed from previous figure
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Figure 8

Vertical axis :

Horizontal axis:

T_._e scale:

Voltage scale:

Coil ....

Coil c_.rent:

_2est circuit values:

Differei%iator constants:

Upper trace - contact voltage

Lower trace - coil current derivative

T_e

lO _A_lliseconds per centimeter

5 volts per centineter

_5 _illi_:_peres

40°F

Zi = iLtf, Zf = O.1 meg ohm

i volt/'cm sensitivity

*C_m1%ged from previous figure
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Figure 9

Vertical axis:

Horizontal axis :

TJ_e scale:

Voltage scale:

Coil voltage:

Coil current :

*Test circuit values:

Differentiator constants:

Upper trace - contact voltage

Lower trace - coil current derivative

Time

lO _tlliseconds per centimeter

5 volts per centimeter

13.5 volts dc

245 millia_:Iperes

OOF

Zi = l_jf, Zf = O.1 meg ohm

1 volt/cm sensitivity

*Changed from previous fi&_re
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Vertical axis:

Horizontal axis:

TD_e scale:

Voltage s a_le:

Coil voltaire:

Coil current:

_2est circ_t values:

Differentiator constants:

*Changed from previous figure

Figure 10

\

Upper trace - contact voltage

Lower trace - coil current derivative

T_e

10 _tilliseconds per centimeter

5 volts per centimeter

13.5 volts dc

245 r_uilliamperes

-40OF

Zi = L,f, Zf = O.1 _eg o_

1 volt/c_u sensitivity
/
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Figure 11

Vertical axis:

Horizontal axis:

Time' scale:

Voltage scale:

Coil voltage:

Coil current:

*Test circuit values:

Differentiator constants:

Upper trace - contact voltage

Lower trace - coil current derivative

Time

10 milliseconds per centimeter

5 volts per centimeter

13.5 volts dc

2_5 milliamperes

-60OF

Zi = l_f, Zf = 0.I meg ohm

1 volt/cm sensitivity

*Chan_ed from previous figure
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Figure 12

Vertical axis :

Horizontal axis :

Time scale:

Voltage scale:

Coil voltage:

Coll current:

*Test circuit values:

Differentiator constants :

Upper trace - contact voltage

Lower trace - coil current derivative

Time

lO milliseconds per centimeter

5 volts per centimeter

13 •5 volts dc

2_5 n_lliamperes

-80OF

Zi = l_f, Zf = O.1 meg o_

1 volt/cm siensitivity
!

*Changed from previous figure
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Figure 13

Vertical axis :

Horizontal axis:

*Time scale:

Voltage scale:

Coil voltage:

Coil current:

Test circuit values:

Differentiator constants:

Upper trace - contact voltage

Lower trace - coil current derivative

Time

20 milliseconds per centimeter

5 volts per centimeter

13.5 volts dc

2_5 milliamperes

-80°F

Zi = _d, Zf = 0.i meg ohm

1 volt/cm sensitivity

*Changed from previous figure
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Vertical axis:

Horizontalaxis:

2_ie scale:

Voltage scale:

Coil voltage:

Coil curr_nt:

_fest circuit values:

Differentiator constants:

Figure l&

Upper trace - contact voltage

Lower trace - coil current derivative

Time •

20 r_uillisecondsper cent_leter

5 volt_ per cent_neter

13.5 volts dc

2£5 _illi_r_peres

-lO0OF

Zi = iL_f, Zf = O.1 meg o_n

I voit/'cm sensitivity

*Changed from previous figure
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Vertical axis:

Horizontal axis:

T_ae scale:

Voltage scale:

Coil voltage:

Coil current:

*Test circuit values:

Differentiator constants:

*Changed from previous figure

Figure 15

Upper trace - contact voltage

Lo_er trace - coil current derivative

Time

20 milliseconds per centimeter

5 volts per centimeter

13.5 volts dc

245 milliamperes

-120OF

Zi = l_f_ Zf = O.1 meg ohm

1 volt/cm sensitivity

20 - II



I

I

I

I

I

I

I

I
I

I

I
I
I

I

*Vertical axis:

Horizontal axis:

_ime scale:

*Current scale:

*Coil voltage:

*Coil current:

.*Test circuit values:

Differentiator constants:,

_Changed from previous figure

Figure 16

Upper trace - coil current

Lower trace - coil current derivative

Time

5 milliseconds per centimeter

200 milliamperes per centimeter

28 volts dc

526 milliamperes

O. 5 ohm shunt

O.i volt/cm sensitivity
40OF
Metal Structure

Zi = l_f, Zf = 0.i meg ohm

i volt/cm sensitivity i
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I Figure 17

Vertical axis :

Horizontal axis:

TiJae scale:

Current scale:

Coil voltage:

Coil current:

Test circuit values:

Differentiator constants:

Upper trace - coil current

Lower trace - coil current derivative

Time

5 milliseconds per centimeter

200 milliamperes per centimeter

28 volt_ dc

526 milliamperes

O. 5 ohm shunt

O. i volt/cm sensitivity
20OF*

Metal structure
i

Zi = l_f, Zf = 0.i meg ohm

i volt/cm sensitivity

*Changed from previous figure
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SECTION IV

TRANSIENT ANALYSIS OF THE ECONOMIZED

PARALLEL COIL CONTACTOR

I

I

,I
I
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I
i

I
I

I
I

I
I

1
!

The "economized" coil arrangement is one attempt to approach

a low holding power contactor with a "minimr._m"volume. The economized

coil arrangement consists of two coils connected in such a way that

one coil connection is used for th_ operate cycle and another coil

connection is used for the hold cycle. The switching of the coil

connection is accomplished internally by the use of an auxiliary

switch actuated by the plunger in the contactor.

The first economized coil contactor analyze_ and reported in

the section A-b and A-c of the Summary Report of 1 July, 1962 to

30 June, 1963 was a series arrangement where one coil was used to

operate and both coils used to hold• This particular connection

required that one coil be short circuited during the operate cycle.

Since the two coils were nagmetically coupled together the transient

current supplied by the source was greater during most of the operate cycle

*_ _ _* .....i_ h_,o _oA_ _J_tb only one ooerate coil on the core

To reduce the transient coil current for the series arrangement would

require a make before break contact arrangement. The coil current

is then reduced by keeping the second coil open circuited during

the opera_te part of the cycle. A disadvantage of series coil ar-

rangement is that only part of available coil volume is being used

for the operate part of the cycle while all of the coil is used for

the hold cycle. It would be desirable to interchange this arrange-

ment because of the inverse relationship between coil power and

coil volume. The parallel coil arrangement utilizes all the available

i - IV



coil volume during the operate part of the cycle and only part of

the coil volume for the hold condition. This is a better arrangement

because the magnetic pull for a given power is greater in the closed

I
plunger position than it is in the open position.

The one possible disadvantage of the economized coil arrangement

I

I
I

I
I

16

is the necessity of the auxiliary control switch and its possible

failure to function properly. The reason for this point is given by

some of the data presented by the oscillograms in the Figures 1 through

5.

Figures l, 2 and 3 presents data which demonstrates the malfunctioning

of the control switch used to switch from the operate to hold coil

connection. The tests were performed at room temperature on a her-

metically sealed model of the contactor. The tests had to be made at

reduced coil voltage to show this malfunctioning. Figure 1 shows that

the switch eventually functioned but was late in its operation. The

I

I
I

operating point of the switch is indicated by the pulse on the trace

occurring about 20 ms after the plunger seated. The coil current after

the switching operation is continually decreasing.

I_o __ _

rlgaze 2 shows _v_j+_1]_r +h_..........s_me malfunctioning_ of the control

switch but with a different horizontal scale. For Figure 2 the time

I

I
I

scale is lO milliseconds per cent£meter while for Figure 1 it is 20

milliseconds per centimeter. The transient coil current, after the

switching operation rises initially and then decreases indicating a

different switching operation than that shown in Figure 1.

Figure 3 shows the condition where the control switch never

I

functioned. Two operations are shown which indicates that this mal-

functioning was not a one time occurrance.

2 - IV



It was not possible to get the contactor to malfunction at rated

voltage during the time these data were being recorded. The operation

at rated voltage is shownin Figure 4 which shows both operate and

I
I

I

release.

Figure 5 shows three consecutive operations of the contactor at

rated voltage. Some differences are noticable in the control switch

operation but comparison with Figure _ is necessary to show the kind of

variation that can exist between operations.

I
I

I

A temperature run was made on the contactor to determine if the

malfunctioning of the control switch was a function of the temperature.

In order to study only the mechanical changes in the performance at

various temperatures the coil circuit resistance was held constant at

its value at the highest temperature by inserting the suitable series

resistance values. Data were recorded for two valuesof coil voltage.

I

I

One was rated voltage and the other was as near the must operate value

as possible. The results of the influence of high temperature on the

transient performance of the contactor are presented in Figures 6

through ll. The control switch functioned throughout the temperature

I
run and no trends as a function of temperature were noted in the

functioning of the contactor. It appears that the malfunctioning of

I

!

the control switch had corrected itself and was not aggravated by the

heat run.

A cold run was made down to -120°F to determine if the low tem-

peratures had any influence on the malfunctioning of the control switch.

The results are presented in Figures 12 through 17. As in the heat

run the coil circuit resistance was kept constant at its highest

temperature value by inserting suitable resistance values in the coil

I
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circuit. Inspection of the traces shows no malfunctioning and no trends

as a function of temperature as the temperature was decreased.

As the test data were being recorded it became evident that the

malfunctioning of the control switch was decreasing with the number

of operations. Since this is a hermetically sealed unit it was not

possible to examine the control for possible causes of malfunction_ug.

The test data presented in the first five figures indicates that pos-

sible malfunctioning of the control switch might be a problem.

It is planned to make calculations to determine if it is possible

by optimizing the pull per watt to eliminate the control switch but

still not change the coil volume or holding coil power. This will be

reported in the next interim report.
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Figure 1

Trace: a - Coil current build-up

b - Contact voltage, operate

Time scale: 20ms/cm

Current scale: 200ma/cm

Coil voltage:. 16v dc

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

70°F

Not measured

Not mea sur ed

328 ma
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Figure 2

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current build-up

b - Contact voltage, operate

i0 ms/cm*

200ma/cm

16v dc

70°F

Not measured

Not measured

328 ma

*Changed from previous figure
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Figure 3

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current build-up

b - Contact voltage, operate

c -Coil current build-up

d - Contact voltage, operate

20 n_/cm*

_ /2(J__ma/cm

16v dc

70°F

Not measured

Not measured

Not measured

*Changed from previous figure
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Figure 4

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil circuit:

a - Coil current decay

b - Coil current build-up

c - Coil voltage, release

d - Coil voltage, operate

5 ms/cm*

200ma/cm

28vdc*

70OF

diode

Not measured

Not measured

*Changed from previous figure
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Figure 5

Trace:

Time scale :

Current scale :

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current build-up

b - Coil current build-up

c - Coil current build-up

5 ms/cm

200 ma/cm

28v dc

70°F

Not measured*

Not measured

Not measured

*Changed from previous figure
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Figure 6

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

iO ms/cm*

2OOma/cm

21.25v dc*

9OOF*

diode*

34o*

35_ ma*

*Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

*Changed from previous figure

Figure 7

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

5 ms/cm*

200 ma/cm

28v dc*

90°F

diode

340

480 ma*
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Figure 8

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a -Coil current decay

b -Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

i0 ms/cm*

200 ma/cm

21.25v dc*

130OF*

diode

3_

3_ ma*

*Changed from previous figure
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Figure 9

Trace:

Time scale :

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

5 ms/cm*

200 ma/cm

28v dc*

130°F

diode

3_O

_50 ma*

*Changed from previous figure

13 - IV



!

!

!

!

.¸.!

Figure i0

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

i0 ms/cm*

200ma/cm

21.25_dc*

248°F*

diode

340

310 ma*

*Changed from previous figure
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Figure ll

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

5 ms/cm*

200ma/cm

28v dc*

248°F

diode

34o

415 ma*

*Changed from previous figure
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Figure 12

Trac e:

Time scale :

Current scale :

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current de_ay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

lO m_/cm*

200 ma/cm

21.25v dc*

lOOF*

diode

380 ma*

*Changed from previous figure
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Figure 13

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

5 ms/cm*

200 ma/cm

28v dc*

lOOF

diode

3_n

_90 _*

*Changed from previous figure
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Figure l_

Trac e:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a -Coil current decay

b -Coil current build-up

c - Coil voltage, operate

d - Coil voltage, reJ sase

lO ms/cm*

200 ma/cm

21.25v dc*

-50OF *

diode

34o

/+00 ma*

*Changed from previous figure
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Figure 15

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a -Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

5 ms/cm*

200 ma/cm

28v dc*

-50OF

diode

34O

5_0 ma*

*Changed from previous figure
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Figure 16

Trace:

Time scale:

Current scale:

Coil voltage:

Temperature:

Discharge resistance:

Coil circuit resistance:

Steady state coil current:

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

lO ms/cm*

200ma/cm

21.25v dc*

-120OF *

diode

340

4_Oma*

*Changed from previous figure
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Trace:

"Time scsAe:

Current scale:

Coil v_ltage:

Temperature:

Discharge resistance:

Coil circuit =esistance:

Steady state coil current:

*Changed from previous figure

Figure 17

a - Coil current decay

b - Coil current build-up

c - Coil voltage, operate

d - Coil voltage, release

5 ms/cm*

200 ma/cm

28v dc*

-12OOF

diode

3_0

580 ma*
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SECTION V

THE _ERGY CYCLE CURVE

This investigation was started to determine a method of describ_g and

predicting the operation of relays. The required testing of a sealed relay in

various environments requires a method of remote evaluation. It is hoped that

a definite division of operations states can be made on the energy cycle curve

which will identify the energy transformed into the field before operation, the

energy transformed into mechanical friction and acceleration, and the energy

transformed into the fields after the operation.

This report will describe the nethod of obtaining the energy cycle curve.

The basic energy balance can be written as follows.

Energy input from Increase in energy Mechanical energy

electrical source = stored in coupling + output plus friction
minus resistances field plus associated and associated losses
losses losses

I dWelec t = (vt - it) i dt = eidt = dWfields + dWmechanical

A block diagram illustrates the system in Figure 1.

I

I
I

I

The electrical energy input is equal to: dWelec t = eidt. Where the back

emf e is equal to the change in flux linkage with respects to the change in time.

or edt = dk.
d_

e _--- i

dt
Substituting this in equation (1)

gives:

dWelec t = i d_ = Ni d@ = Fd@, or

/
i,,[ _ I 4 _ %

'"elect = / _""
J

Xo

1-V
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Therefore, a change of electrical energy in the system is proportional

to a change of flux linkage, and the flux linkage is equal to the integral of

the back emf with respect to time.

The back emf e was obtained electrically from the bridge circuit illustrated

in Figure 2. With the switch (SI) closed, the bridge was balanced to zero

voltage at points "a" and "b". Thus, any sudden change of voltage would un-

balance the bridge due to the inductance of the relay coil or back emf.

On one oscilloscope the integral of the voltage or flux linkage verses

current was plotted. This plot represents the energy transformed in the relay.

See Figure 7.

The back emf can be measured easily by the bridge method and is illustrated

by the lower beam in Figure 3. The three traces are identified as, the arm-

ature blocked open, the armature free to operate and the armature blocked

closed.

Figure 5 is "part I" of the integrator calibration. The back emf versms

t_ae was plotted on the scope for calibration purposes. The upper beam is

the signal from a calibrating oscillator which was used to calibrate all

amplifiers. The lower beam is a step voltage of two tenth volts (.2V) am-

plitude used to calibrate the integrator.

The integrator output is illustrated in Figure 6. Each centimeter of

height on the curve is equal to the area under the curve "b", Fibre 5, for

the same time interval. By this method the integrator is calibrated directly

in volt-seconds or weber-turns.

sensing the voltage across the shunt resistor, Figure 2. The three current

traces for the test relay are illustrated in Figure 3, upper curve.

2-V
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Figure 7 illustrates the first energy cycle curve for a relay with its

armature free to operate. The area enclosed represents the energy transformed

during one cycle of operation.

)_1 _.o

Welect-- / _-a dt - l ib dX

J y
ko kl

The operate and release portion of the curve is represented by the closed

curve (0, a, b, c). Point "O" represents zero flux linkage and zero current.

Point "a" corresponds to the stop of armature movement. Between points ',a"

and "l" additional energy storage occurs for the closed armature position.

On the release cycle, the armature movement can be detected between points

"c" and "0".

Figure 8 illustrates the energy cycle for the armature blocked open

curves (a & b) and the armature blocked closed curves (c _ d). It would

be expected to have more field losses with armature operated due to the

lowering of reluctance in the core.

Three energy cycle curves are superimposed in Figure 9. The influence

of the mechanical motion of the armature can clearly be seen. The slope of

the line (0, e) in the region of armature movement is equal to the change of

flux-linkagewith respect to the change of current. This relation provides

an indication of the change in permeance during the armature travel time.

therefore

i N
F

i:- , F =N4

P (permeance) ......v
F i

3 -V
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The self-inductance is defined as the flux-linkage in weber-turns per ampere.

k

L = - = Slope
i

A family of _Energy Cycle Curves has been plotted in Figure i0. This set of

curves was obtained by varying the supply voltage in increments of one

volts from one volt to ten volts.

The Energy Cycle Curve seems to express an over all evaluation of a

relay. Investigation of the Energy Cycle Curve in relation to various

specific properties will be the subject of the next report.

I

I

I
I

I

I
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Block Diagram of Energy Distribution

Heat due to

field losses

Electrical

Source V t e

m

Coupling

Field >

Figure i

Energy input from
electrical source

minus resistances
losses

Increase in energy

= stored in coupling +
field plus associated
losses

dWelect = (vt - Jr) i dt = ei dt = dWfiel d + dWmecha_ica I

5-V

Heat due to

mechanical losses

Mechanical

System

Mechanical energy

output plus
friction and

associated losses
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Block Diagram of Laboratory Setup

$1

co /
• e____Vo= 0____b

__t_\f__oo

e

Amplifier

Time Sweep

Intergrator Amplifier

Amplifier

i

Time Sweep

%.
f

Amplifier

Figure 2
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Traces:

Upper - (a)

(b)

(c)

Lower- (a)

(b)

(c)

Oscillogram:

Figure 3

Transient Operate Current and Voltage V_ Time

_urr_nt wihh r_]_y blo_d nn_n........................... ___

current with relay free to operate

current with relay blocked closed

back generated voltage with relay blocked open

" " " " " free to operate

" " " " " blocked closed

Time scale = i0 milliseconds per centimeter

Voltage scale = ol volt per centimeter

7-V
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Traces:

Upper - (a)

(b)

(c)

Lower - (a)

(b)

(c)

Oscillogram:

Figure

Transient Release Current and Voltage Vs Time

current with relay blocked open

current with relay free to operate

current with relay blocked closed

back generated voltage with relay blocked open

,' ,' " " " free to operate

,, " " " " blocked closed

Time scale = i0 milliseconds per centimeter

Current scale = .136 amperes per centimeter

Voltage scale = .1 volt per centi_neter

8 -V
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Traces:

a.

b.

Figure 5

Calibration of Integrator, Part I

internal square wave calibration signal from the oscilloscope (._v amp±lsuae)

Step voltage input to calibrate integrator

Oscillogram Data:

Tin_ scale: 10 milliseconds per centimeter

Voltage scale upper curve: .1 volt per centimeter

Voltage scale lower curve: .1 volt per centimeter

9-V
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Figure 6

Calibration of Integrator, Part II

Trace:

(a) Integration of step function, Figure 5 b

Oscillogram Data:

Time scale: 10 milliseconds per centimeter

Flux-Linkage scale: Volt-seconds or Weber-turns

lO - V



Traces:

(a)

(b)

Figure 7

Energy Cycle Curve Relay Free To Operate

Flux-linkage vs current during the operate cycle.

Flux-linkage vs current during the release cycle

Osci!logram Data:

Current scale = .068 anlperes per cent_leter

Flux-linkage scale = 2 ,Jeber-turns per cent_leter

ll-V
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Flux-linkage

Traces:

a.

b.

C.

d.

current amperes

Figure 8

Energy Cycle Curves

Relay Blocked Open _ Relay Blocked Closed

Relay blocked open_ coil energized

Relay blocked open, coil deenergized

Relay blocked closed, coil energized

Relay blocked closed, coil deenergized

Oscillogram Data:

Flux-Linkage scale:

Current scale:

Supply voltage:

2 weber-turns/per centimeter

.068 ampere per centimeter

6 volts d.c.

12 - V
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Traces:

a.

b.

Co

d.

eo

f.

Figure 9

Energy Cycle Curve For Relay Free To Operate,

Relay Blocked Open _ Relay Blocked Closed

Relay blocked open, coil energized

kelay blocked open, coil deenergized

Relay blocked closed, coil energized

Relay blocked closed, coil deenergized

Relay free to operate coil energized

Relay free to operate coil deenergized

Oscillogram Data:

Flux-Linkage scale:

Current scale:

Supply voltage:

2 weber-turns/."pe_ " ".......c _ o-n_ b_-

.068 ampere per centimeter

6 Volts d.c.

13 -V
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Figure lO

A Set of Energy Cycle Curves For A Relay

Traces :

(a) Energy cycle with 1 volt supply voltage

(b) " " " 2 " " "

(c) " " " 3 " " "

(e) . " " 5 " " "

(f) , 6

<g) 7

('h) " " " 8 " " "

/' 4 _ I1 II 11 O II II II
\"_I /

(j) 11 1' " i0 11 1' 1'

Oscillogram Data:

Flux-Lir_age: 2 weber-turns/per centimeter

Current scale: .068 amperes/per centimeter

14 - v

(Relay operated)
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SECTION I

_AKAGE FLUX WITHI_ A P_LAY

An effort is being made to verify the energy curve as a method of

analyzing various characteristics of relays from the terminals.

The bridge method of measuring the back electromotive force pro-

vides a means of determining the total flux linkage developed. The

integral of back electromotive force is flux linkage. If the number of

turns in the coil is known, then the total flux generated can be deter-

mined.

The mechanical operation of a relay effects only the flux across

the air gap. In order to relate the mechanical characteristics of a

relay in terms of flux changes, some methods must be obtained which will

describe the flux across the air gap. Considering the flux leakage as

the difference between the total flux produced and flux across the air

gap, it is necessary to eliminate flux leakage components from the

measured valves.

leakage = _ total - _ air gap (i)

The leakage flux should consist of two components.

(1) The partial flux leakage produced by the magnetic field within

the winding space.

(2) The flux which is present in the coil core which does not appear

across the air gap. The partial flux produced in the winding space

should Oe small and would not appear in the core of the coil. The value

should depend on coil configuration and be constant for any particular

type of relay. An experiment was conducted to verify this reasoning°

I-I



The second component of the leakage flux presents a greater problem.

This flux must leave the core at some point between the coil and the

armature end of the core. The path must include a large air gap, many

times longer than the armature air gap in conventional designs. The

flux across an air gap is proportional to the magnetomotive force pro-

ducing it. The reluctance of air is very much greater than the re-

luctance of iron. Hence, there will be much more magnetic energy present

in passing the leakage flux across the linear air gap than in passing

the leakage flux through the non linear core. Based on the above reason-

ing the leakage flux through the core component of flux leakage will be

linear v_th respect to the magnetomotive force. The flux energy across

the air gap equals the total flux energy minus the linear leakage flux

I energy. Therefore, the energy curve is a linear representation of the

energy across the air gap. A second experiment was conducted to verify

the above analogy.

I
EXPERIMENT I

This experiment was made to insure the value of back electromotive

I
I

I

force across points (a) and (b) of the bridge was correct. Figure 1

was representative of the flux existing in the core.

The method of obtaining this information was by monitoring the flux

actually developed in the core and comparing this value with the indicated

flux by the bridge method. A special one layer monitor winding of i00

I

I

I

I

turns was placed next to the core of the relay. The monitor winding was

connected directly to the input of a high impedance oscilloscope amplifier.

A primary winding of 4800 turns was wound on top of the monitor winding.

The pr_nary winding was connected across the bridge as described in the

inter_a report of October 1 to November 30, 1963, Section V. By evaluating

the flux indicated in each winding, one can determine what portion of

2-I
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the overall flux is produced in the core, as indicated by the bridge

measurement.

In calculating the flux the following assumptions were made.

i. The core loss is negligibly small.

2. No current in the secondary.

Figure 1 illustrates the laboratory arrangement and Figure 3 illustrates

the back electromotive force measured by the bridge, and the induced

electromotive force measured by the special secondary coil. The upper

trace represents the back electromotive force measured from the bridge.

The lower trace was taken directly from the special secondary coil.

Figure 3 also indicates that both voltage curves have the same wave forms.

The relationship of the voltage to the flux is given by: e = N d_/dt.

The actual back electromotive force of the primary coil may be calculated

as follows:

VOLTAG_rimary = (Centimeters indicated in Figure 2) x

(Ratio of resistance of bridge) x (Gain

of amplifier)

Cm Figure 2 = 2.2

Gain = .05 Volts/Cmo

Resistance Ratio =

R100

i0000

= = lO0

i00

Vp = 2.2 x .05 x i00 = ii Volts

The voltage for the special secondary is:

VOLTAGEsecondary = (Centimeter indicated in Figure 2) x

(Gain of amplifier)

Vs = Cm. Figure 2 x Gain = 2.2 (i) = .22 Volts

3-I
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The change of flux with respect to time is equal to the induced

voltage divided by the number of turns of the winding.

d_p Ep llVolt s

d t Np _800turns

weber Gilberts

= .002292 = 229200
sec. sec.

d_ s Es 22Volts weber Gilberts
..... .0022 = 220000

Ns lOOturns sec. sec.

Np = turns on primary winding = 4800

Ns = turns on secondary winding = i00

The bridge method is indicating approximately 4% higher flux change than

exists in the core for the relay tested. This value would represent the

I

f

I

maximum error which would exist. The error is due to the flux produced

by the magnetic field component within the winding space and never reaches

the core.

From the information given one can conclude that the back electro-

motive force, as indicated by the bridge method, will give a slightly

I
I

I

higher value of flux than exists in the core due to the flux produced in

the winding space. Put the value indicated would not vary from any one

type relay tested.

EXPERIMENT II

This experiment was conducted to verify the existance of a linear

I

I

I

leakage flux component in conventionally designed relays. The results of

this experiment was verified by direct measurement.

The relay used in this experiment is illustrated in Figure 2. A

special winding was placed at the end of the core next to the armature.

The winding of _8 turns was used to detect the flux in the armature air

4-I
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gap. The primary winding of 4800 turns was connected to the bridge for

the usual back electromotive force measurement.

From the voltage measurements of the two coils, the flux was cal-

culated and plotted graphically. The value of air gap flux obtained

by the special winding was checked by direct measurement with a gauss

meter. The results checked very close.

Figures 4 and 5 are calibration diagrams made to set the scale of

the integrator. This procedure is described in the Tenth Interim Report,

Section V.

Figure 6 illustrates the voltages versus time for both _indings on

the relay.

The values measured by the bridge must be corrected for resistance

ratios in the bridge. The integral of this voltage is flux linkage in

volt-sec, or weber turns. Division of the flux linkage by the turns of

a winding gives the flux passing through the winding. By this method,

Figure 9 was plotted from Figure 8.

The following is a sample calculation of the information taken from

Figures 6 and 8.

From Figure 6

Voltage primary = (Centimeters, Figure 6) x (Scale of amplifier) x

(Reaistance ratio of bridge)

(ioooo)
E = (.8)(.05) = 8 volts
P 52

Voltage secondary = (Centimeters, Figure 6) x (Scale of amplifier)

Es : (1.2) (.05) = .06 volts

5-I
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From Figure 8

de
e=N--

dt

N
0

e dt

Data for the sample calculations was taken from Figure 8 on the release

cycle at a current of .042 amperes.

I

I
kpr_nary coil = o t epdt = (2.1 centimeters) x (.18 volt-second/cm)

= .378 volt-second.

I
ksecondary coil = o/t

t

- Np o

I
1 f

I _oocon__ /
0

esdt = (3.3 centimeters) x (_0009 volt-second/cm)

= •OO297

1

epdt =-
4800

(.378) = .0000786 webers

1

esdt = -- (.00297) = .000063 webers
48

= .00063xi0 -8 rm%_ells

I

I
k = flux linkage

= flux

i

I
I

I

in the primary winding. Since no current was flowing the secondary

winding, no energy was dissapated. The magnetic energy in the air gap

would be represented by the flux existing across the gap times the mmf

in the winding producing the flux.

Magnetomotive force = _ = ampere turns = 1.257 NI Gilberts

6-I
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The following is a table of calculated data used to plot Figure 9. The

source for this information was taken from Figure 8.

Figure 8

I

Primary
Xurns

l_p

Primary
Flux

_P

Figure 8_econdary
_urns

I_S

Becondary
Flux

_S

Operate

Cycle

Release

Cycle

Amp. Volt-sec 1/48OO _uxwells Tolts-sec 1/48 Maxwell Gilberts

OPERATE

oO1

.02

°026

.03

°04

oO41

.05

.06

.064

RELEASE

.05

.04

.03

.02

.014

.O1

375i.8xlO-@.036 .5o

.072

.108

.ll7

.198

.234

.306

.415

45

.415

.36

.3o5

.216

.126

.108

749

15oo

3250

2433

4118

4867

6400

S700

940o

4.5xlO -*

•93xi0 -*

.9xlO -_

14._xlO -@

l_.4xlO-_

25.2xi0 -@

333xi0 -_

35•IxlO -_

31,5xlO -_

27.9xiO -_'

23.4xlO-_

!7.1xlO -_

ii.?xlO -_

6.3xlO-_'

2o08XI0 -2

• II

II

!1

11

I!

It

II

2.08xlO -_

939

1440

1895

3000 x

3000

5240

6900

7340

6580

5810

49O0

3560

2_40

1320

.625

.64

.78

.726

.62

.82

.79

.78

8650

9500

6390

4500

263O

2750

II

II

2.08x10-;

fl

fl

.76

.77

.78

.79

.93

.58

_-°08xlO -@ 60.3

120.7

181.

241.

301.

362.

The ratio of secondary flux to the primary flux could be used as an in-

dication of leakage flux.

For any particular operational state the ratio is fairly constant. Before

the relay operates the value is close to 63%. After operation the value jumps

to 7_. On the release cycle with the relay operated the ratio still remains

constant at 7_. The values near zero are too small to be measured with any

accuracy.
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The information of the previous page indicates that the leakage flux

is reasonably constant for any state of the relay. Also, only 60%_

of the flux generated is passing the armature air gap for the relay tested.

One point on Figure 9 was checked by direct measurement. A gauss

meter probe was inserted in the air gap and the flux density was measured.

The area of the air gap was calculated from direct measurement.

Fringing was compensated for in the measurement.

The following results were obtained.

A = .8_ cm2

_d = B (A) = (gauss)(cm 2) = (1041)(.84) = 871 maxwells

I = .02 amperes

B = 1040 Gauss

A = .84 centimeter squared

_d = 871 maxwells

The flux obtained by direct measurement and the flux obtained by

experimentally data compared within 94% of each other. It is believed

the value of the experiments are acceptable.

8uI
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Figure 3

Back Electromotive Force Vs. Tin]e &

Induced Operate Voltage Vs. Time

Traces: Upper - Back _tf r_leasuredby the bridge method.

Lower - Induced voltage on special coil wound
next to core.

Osciliogram: Time scale - i0 r_Lilliseconds/cm.

Voltage scale on upper curve - 5 volts/'cm.

Voltage scale on lower curve - .i volts/cm.
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Figur_ 4

Integrator Calibration (Part One)

D.C. Signal Calibration

•raceo: Upper - .i volts total or .5 volts _er cen_i_eter

fror:_the calibrator of the oscilloscope.

Lower - .i volts total or 0.5 volts per cent_Icter

from direct current power supply.

Oscillograal: Time scale - iO r,_lliseconds per cent_*_eter.

Voltage scale on upper trace 0.5 volts per cent_c_eter.

Voltage scale on lower trace 0.5 volts per cent_neter.

ll-I



Traces:

Oscillo_Tam:

Figure 5

Integrator Calibration (Part T_o)

Integration of direct current voltage of part one.

Time scale - lO r:_lliseconds per centimeter.

Integrator scale - .0009 volt-seconds per centimeter.
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Figure 6

Back Electromotive Force 1[easure_ilentby Bridge Method &

Induced Voltage Keasurez_ent Vs Time

Traces:

Oscillogram:

Upper - Back electromotive force measured by
bridge method.

Lower - Induced voltage measurement on secondary _inding.

Time scale - 1On_lliseconds per centimeter.

Upper trace - .05 volts per centimeter.

Lower trace - .05 volts per centi_eter.
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Figure 7

Energy Cycle Curve _Jith Relay Blocked Open and Closed

Traces:

Oscillogram:

Upper _- Energy cycle curve .made with secondary winding

placed at the arri_ture end of the core.

(a) enersization transition relay blocked open

(b) deenergization transition relay blocked open
(c) energization transition relay blocked closed

(d) deenergization transition relay blocked closed

Lower - Energy cycle curve made with bridge at tlie relay
terntinals.

(a) energizationtransition relay blocked open

(b) deenergization transition relay blocked open
(c) eners_zation transition relay blocked closed

(d) deenergization transition relay blocked closed

Current scale - .01 ampere per cent_eter

Upper curve - volt-second scale - .OO0_ volt-second

per centi_eter.

Lower curve - volt-second scale - .18 volt-secon_/cn
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Figure 8

Energy Cycle Curve With _elay Free To Operate

Traces:

Oscillogram:

Upper - Energy cycle curve l[_de with secondary

winding placed at the armature end of core.

(a) ener_ization transition relay free to operate

(b) deenergization transition relay free to

operat e

Lower - Zner_ cycle curve _de with bridge at the relay
te_uinals

(a) ener_ization transition relay free to operate

(b) deenergization transition relay free to

operate

Current scale - .01 _:pere per centimeter

Upper curve -volt-second scale - .0009 volt-second/c_

Lower curve -volt-second scale - .18 volt-sscond/cm
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SECTION III

APPROXIMATING ARMATURE MOV_W_ENT AND lEAKAGE FLUX

OF SEALED RELAYS

The purpose of this report is to determine the armature displace-

ment versus time of a sealed relay and check the results with direct

measurements. If this information could be obtained accurately, various

other mechanical properties could be deduced from terminal information

of a relay.

A relation relating the magnetic properties with the electrical

properties of a relay is illustrated. The graphical results obtain

are empirical due to undefined variations of leakage flux and core sat-

uration. The method used compensates for leakage flux and core saturation

if present.

The method is based on the Energy Cycle Curve which was described

in Section V on interim report October - November, 1963. This Energy

Cycle Curve represents a graphical correlation of the total flux linkage

versus current of a relay. Knowing the number of turns on the coil, the

units of the plot can be converted to flux (Maxwells) and magnetomotive

force (Gilbert). The magnitude represents the input to the system and

includes all losses. This is logical since the measurements are made

externally. Figure I illustrates a basic curve. It is desired to

modify or reproduce the same curve to represent the variables which

exist across the air gap during the mechanical transition of the arm-

ature.

By modulating the beam of a cathode ray oscilloscope with a dif-

ferential square wave, additional information could be represented on

the plot. The square wave generator was calibrated to indicate spots

1- III
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at one-millisecond intervals. A beam modulated curve is illustrated

in Figure II.

The slope of any point on the curve represents the permeance of

the magnetic system.

p =m

MMF

The reluctance is represented by the reciprocal.

MMF Li _a

R T = _i + _a + K_L = _ = _i m + _a m + K

Ai Aa

_a = _T - (_i + K_L) = [_a + _i + K_L] - [_i + K_L]

If the plot of the relay Energy Cycle Curve could be obtained

with the armature of the relay blocked closed, and another plot with

the armature free to operate, the difference of reluctance could be ob-

served for any value of flux. Any difference could be du_ to the vary-

ing length of the armature air gap. The relay is assumed to have the

following constants.

O. Reluctance of air gap = (_a)

1. Reluctance of leakage flux = (@L)

2. Total reluctance = (WT)

3. Area of iron core = (Ai)

4o Length of iron = (_i)

5. Area of armature air gap = (ia)

6. Permeability of iron and air = _i) and (_a)

7. Magnetomotive force = (MMF)

8. Armature pick-up flux = (¢p)

9. Subscripts "B", "C", and "D" also refers to points on

figures °

2 -III



I

I

I
I

I

I
I

i
9

I
I

I
I

I
I

I

I

The reluctance of the leakage flux path is in parallel with the

reluctance of the air gap. The constant "K" would include a coefficient

which is the equivalent to the series reluctance. The only unknown

variable which exists in the above equation is the length of the air

gap ('_a)"

The above statements are expressed mathematically as follows:

= eO' _B = gi + K_L

MMF D MMF B i

_:a = gD - _B ......

_)p _)p _)p

(MMFD - MMFB)

_a =MMFD - _B = _p

_iB

- (_i -- + K_) ]
Ai

_aD _i

(g_D-gB) = Cp [(_a- + _i- + K_L)
Aa Ai

MMFD - MMFB = _P [KfaD -]= Ki _aD

Assuming various values of flux (_n) the difference between the magneto-

motive forces of the relay can be obtained from the plot during the

armature transition. The difference of magnetomotive force with arm-

ature block closed and magnetomotive force with armature free to operate

is proportional to the air gap length. Such a curve can be marked in

one millisecond increments and the results plotted as armature air gap

versus time.

Figure III illustrates two characteristic curves, one with the

armature free to operate, the other is with the armature blocked closed.

The curves superimpose each other except during the armature transition

and before the armature pick-up point.
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The curve in Figure III must be modified to represent the condition

existing across the air gap of the relay. It is known that the n_gneto-

motive force across the air gap is continually decreasing when the arm-

ature is moving toward the pole piece. The armature in the operated

condition establishes a magnetic circuit in the relay of very low re-

luctance. Therefore, most all the flux exists in the low reluctance

pahh. Any distortion due to saturation existing in the curve for the

armature blocked closed, will exist in the core during the armature

transition state for the same flux value.

The two conditions which must be satisfied in correcting a curve

for leakage flux are:

(1) The difference between the magnetomotive forces for

any value of flux must be continually decreasing as

the armature moves from the open to the closed

position.

(2) The tangent to the corrected curve and the original

curve (armature free to operate) through the points

intersected by the pick-up flux line must be parallel.

If the above two conditions are met, the difference of magnetomotive

force for any value of flux between the pick-up flux and the operated

flux value should be proportional to the reluctance of the air gap.

The armature of a sealed relay cannot be blocked closed. However,

various segments of the trace can be obtained, making a close approximation

possible. The upper portion of the curve will define the trend. By

reducing the voltage and making additional characteristic curves as

illustrated in Figure IV, the trend can be extended. The curve must

start from the zero vertex.
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Figure V illustrates three Energy Cycle Curves of a relay. The

armature blocked open, blocked closed and free to operate. The beam

of the oscilloscope was modulated and each dot represents one milli-

second. The curve was redrawn to scale and enlarged in Figure VI.

The pick-up point of the armature is represented by "Dp" on the curve.

There are 18 dots between "Dp" and :'A:'which represent 18 milliseconds

for the mechanical transition of the armature. Line "Bp", "A" is a

curve segment for the relay blocked closed. This segment is rotated

clockwise about "A" correcting for the leakage reluctance. The line

at point "Cp" is tangent with the line at point "Dp". The distance

"Dp", "Cp" represents the magnetomotive force existing across the air

gap at a flux value of "_p". The length of "Dp", "Cp" is proportional

to the length of air gap. Therefore, this distance must continually

decrease as the armature air gap becomes smaller.

Figure VII represents two additional plots of the same rotary

relay as Figure V. The lower trace represents armature travel versus

time and was made by direct measurement. Figure VIII illustrates the

plots of armature displacement versus time. One plot was obtained

from the Energy Cycle Curve. The other plot was the result of direct

measurement.

Figure II illustrates a typical curve which could be obtained from

a sealed relay. This curve is redrawn and enlarged in Figure IX. The

line "A", "Bp" has been projected through the original. The projection

represents the completion of the Energy Cycle Curve with the relay

blocked closed° The projected line "k", "_" was rotated clockwise about

point "A" until the line at "Cp" is tangent with the line at "Dp" and

the distance between "Cp" and "Dp" is decreasing as the flux "_" is in-

creasing. "Cn" represents any point on the line between "Cp" and "A".

,,Dn,,represents any point on the line between "Dp" and "A" which has

5 -III
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the same value of flux "6" as ,,Cn,,.

The distance between "Dn" and ',Cn,,for each millisecond is

plotted on Figure X.

Figure XI represents the armature travel versus time for a

clapper type relay. The measured curve on Figure X was obtained from

Figure XI. The measured and calculated plots correlates very close

for the clapper type relay.

The accuracy of the Armature Air Gap curves was not good. A

method of enlarging the small oscillograms would improve the accuracy

of the plots. The process of obtaining the Energy Cycle Curve must

also be done with care, since unbalance in the bridge will cause an

error in the integration.

Considering Figure IX, the line "Bp", "A" represents the reluctance

locus of the system with no air gap as the flux increases. The line

"Bp", "A" could also represent the reluctance locus of the iron and

leakage flux path as the flux increases. The line "Cp", "A" represents

the reluctance locus of the iron in the system.

If the leakage flux path is all the flux of a system which does

not cross the armature air gap, then the reluctance of the leakage

path would act in parallel with the reluctance of the iron. The

total reluctance could be described as follows:

_LRi

_T =
RL + Ri

Solving for the leakage reluctance (_L)

Ri RT
_L =

_i- RT

6 - III
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The value for the total reluctance with armature closed and

leakage reluctance can be obtained from Figure IX as follows:

magnetomotive force at point "B" 95

flux at point "B" 16OO

= 5.9 x lO -2
gilberts

maxwell

The reluctance of the iron from the corrected curve is:

magnetomotive force at point (A - C) 245 - lO

_i= =
flux at point (A - C) 4560 - 1600

235

2960

gilberts
= .232

maxwell

A classification factor of any magnetic circuit design could be

obtained by using a ratio of reluctance of the iron divided by the

total reluctance. The classification factor of the clapper type relay

discussed could be:

classification factor =
_:: 7.9 x 10 -2

Ri + _L 7.9 x 10-2 + .232
= .254

The reluctance of the leakage flux path is dependent on the physical

configuration of the relay and could be used in a general system of

relay classification.
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A a =

Ai =

Ae =

_a =

_i =

_e =

OOp =

_ =

OOL =

p =

_i =

I.La =

ar =

_i =

l,,ll,_a =

TABLE OF SYMBOLS

Area of air gap

Area of iron core

Effective area

Length of air gap

Length of iron core

Effective length

Pick-up flux

Magnetomotive force

Leakage flux

Total flux

Permeanc e

Permeability of iron

Total permeability

Permeability of air

Reluctance of leakage flux path

Reluctance of magnetic system

Reluctance of iron core

Magnetomotive force across air gap
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Figure I

Energy Cycle Curve For Armature Free To Operate

•_- f_ _lu:c-l-i_k__g_ versus _]_nt dur_ug operate cvc]e

(b) Flux-linkages versus current during release cycle

Oscillogram _Data:

Current scale = .068 amperes per centimeter

Flux-linkags scale = 2 weber-turns per centimeter
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Figure II

Energy Cycle Curve With Cathode Ray Oscilloscope Beam

Modulated At One gillisecond Intervals

Traces: (a) Flux-linkage versus current or

Flux versus magnetomotive force for the coil energizing

c_c±_ w_ az_ture free to operate

(b) Flux-linkage versus current or

Flux versus magnetomotive force for the coil deenergizing

cycle with armature free to operate

OscillogramData:

Flux-linkage scale = .Ol_ weber-turns

Flux scale = 1600 maxwell per centimeter

Current scale = 50 milliamperes per centimeter

Magnetomotive force scale =63 gilberts
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Figure III

Superimposed Energy Cycle Curves With Armature Free To Operate And

Armature Blocked Closed

Traces: (a) Flux-linkages versus current with armature blocked closed

(b) Flux-linkages versus current with armature free to operate

Oscillogram Data:

Flux-linkage scale = 2 webers-turns per centimeter

Current scale = .068 amperes per centimeter
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Figure IV

A Sat Of Energy Cycle Curves For

Various Supply Voltages

Trac es: (a) Flux versus current with i volt supply

(b) " " " " 2 " "

(b) " " " " 3 " "

(d) ,, ,, ,, ,, _ ,, ,,

(e) " " " " 5 " "

(f) " " " " 6 " "

(g) " " " " 7 " "

(h) " " " " 8 " "

(±) " " " " 9 " "

(j) ,, ,, ,, ........" .I.U ....

Oscillogram Data:

Flux-linkage = 2 webers-turns per centimeter

Current scale = .068 amperes per centimeter
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Figure V

Energy Cycle Curve With Time Modulation Of A

Rotary Type Relay

Traces: (a)

(b)

(c) ,'

Oscillogram Data:

Flux .scale = 1 unit per centimeter

Magnetomotive force scale -- 1 unit per centimeter

Time scale = 1 millisecond per dot

Flux versus magnetomotive force with armature blocked open

" " " " " " " closed

" " " " " free to operate
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Figure VII

Characteristic Curves Of A Rotary Type Relay
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Traces: Upper - Coil current versus time

Lower - Armature air gap versus time

OscillogramData:

Current Scale = lO0 milliamperes per centimeter

Armature air gap length = 55% total air gap per centimeter
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Figure XI

Armature Air Gap Versus Time Of A

Clapper Type Relay

Traces: Armature air gap versus time

Oscillogram Data:

Armature air gap scale = _5% total air gap per centimeter

time scale = 5 milliseconds per centimeter
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SECTION VI

ARMATURE MOV_MANT DETECTION _D APPROXIMATION

A part of the work of the Twelfth interim period was devoted to the

collection of more sample information. The approximation of armature travel

versus time of a sealed relay was verified by a few examples and the results

were fair. This work was continued in an effort to improve the accuracy

of the approximation by enlarging the oscillograms and carefully plotting

the results.

For each set of information, simultaneous oscillograms were taken of

the relay. One oscillogram represented the flux versus magnetomotive force,

and the other represented the armature movement versus time.

The detection of armature movement was made directly from the relay.

Difficulty was experienced in obtaining this information. Two different

methods were used. One method used a photo-electric tube measuring the

quantity of light variation. The light method printed a line proportional

to the armature movement. Noise and stability was a problem with this

method. The other method used a differential transformer with a high fre-

quency directly superimposed. As the coupling was unbalanced the am-

plitude of the carrier frequency increased. The system displayed an en-

velope on the oscilloscope. The amplitude was proportional to the armature

movement. The linkage of the system presented a problem as is illustrated

in Figure 7 by the indicated extra curve at "a" which is not due to armature

movement. A new transformer is being prepared to overcome this difficulty.

F_gure ! i]!ustrates a typical energy cycle c1_rve for a relay with

normal operating voltages. Figure 2 illustrates the current and armature

displacement versus time for the same relay. Figure la is an enlargement

of the oscillogram in Figure 1. Figure 2a shows the results obtained by

1 - VI
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calculation and by measurements. The results give a good approximation but

is not as accurate as desired. The photo-electric method was used for

measuring the armature displacement curve. Figure 3 illustrates a cali-

bration oscillogram for this system with four equal settings of the armature.

The measuring system was not entirely linear.

!
Figure _ illustrates another energy cycle curve for a relay with typical

operating voltage. Figure 5 is the corresponding current and armature dis-

I

I
I

placement curve for the same relay. After the armature was seated additional

movement was indicated by the detector. Figures _a and 5 were used to ob-

tain the comparison of results. Again, the results were reasonable.

By detecting a change in velocity of the armature, one should be able

to determine the closure or breakage position of the contacts with respect

! to the armature travel. The armature of a relay operating on very low

voltage will decrease in velocity if additional spring tension is present

from the contact springs. In some cases the armature seems to be stationary

!
during a certain portion of the curve. Figure 6a is an enlargement of

the oscillogram in Figure 6. Figure 7 illustrates the direct measurement

i of the armature movement and verifies that the armature is stationary

during a certain portion of its travel as indicated at point "b".

!

i

Figure 7a illustrates a comparison of the measured and calculated

armature travel versus time. It is seen the direct measurement indicated

the armature is stationary at a different position than is indicated by

!
the calculated curve.

Another relay was investigated using a low voltage supply. Figures

8, 8a, 9 and 9a illustrate the results obtained. The results were similar

to the previous case. The armature was indicated as stationary at two

different locations.

2-VI
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The results of the armature displacement versus time curves indicates

the reluctance obtained for the air gap is not exact. Referring to curves

2a, 7a and 9a, all curves should stop at the same point on the time axis.

The differencm observed is due to the interpretation of the oscillograms.

All the curves have the same slope during the last few millisecons of

operation. During the first few milliseconds of armature movement, the

calculated portion of the curve indicates more displacement than was

measured by the armature motion detector. The differences between the

two curves is believed to be due to the measured values of the back

electromotive force. Any high frequency componen_ of a wave would be

shunted in the relay. Referring to the llth Interim Report, Section I,

Figure 6; the back electromotive force measured by the bridge is compared

with the induced voltage of a search coil positioned near the air gap

of a relay. The wave form of the back electromotive force measured by the

bridge has less characteristics than the search coil movement. The energy

cycle curve which is dependent on the bridge measurement also lacks

definition. In a hermetically sealed device an exact representation of

the air gap flux can not be obtained for any operating condition. However,

a good approximation can be obtained if the armature motion is smooth and

continuous. The armature displacement versus time curve is completely

dependent on an accurate measurement of the relay air gap flux.
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Figure 1

Oscillogram of a Plunger Type Relay

!
I
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I

Traces:

(a)

Oscillogram data:

Vertical axis: Flux linkage

Horizontal axis: Current

T-'o_o _^_,,_÷_ ,.*i_ _,,_I _,.o_o_÷_ _+- ÷_o

Current scale: 50 milliamp per centimeter

Flux linkage scale: .0064 volt seconds per centimeter

Time scale: each dot as one millisecond
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Figure 2

Oscillogram of Current and Armature Displacement

of a Plunger Type Relay

I

Traces:

Upper curve:

Lower curve:

Vertical axis is current

Vertical axis is armature displacement

Horizontal axis is time

Oscillogram data:

Current scale: 200milliamp per centimeter

Armature displacement scale: 25% total armature travel

per centimeter

Time scale: lO millisecond per centimeter
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Figure 3

Calibration Curve of Armature

Displacement Detector

I
!
I
I

I

I

Traces :

(a)

(b)

Armature transition from open to close position

Armature displaced .O15" from open position

(d) Armature displaced .O45" from open position

Oscillogram data:

Vertical axis: percent of armature displacement

Horizontal axis time: lO milliseconds per centimeter
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Figure

Oscillogram of a Clapper Type Relay "B"

I
I
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m

Traces:

Vertical axis: flux

Horizontal axis: magnetomotive force

Oscillogram data:

Flux scale: _ maxwells per unit

Magnetom0tive force: _ gilberts per unit
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Figure 5

Oscillogram of Current and Armature Displacement

of a Clapper "B" Type Relay

Traces:

Upper curve:

Lower curve:

Horizontal axis :

Oscillogram data:

Current scale:

vertical axis current

Vertical axis armature displacement

Time

50 milliamps per centimeter

Armature displacement scale: 33% total armature travel

per centimeter

Time scale: 2 milliseconds per centimeter
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Figure 6

Oscillogram of Clapper .Type Relay "A"

Operated on Low Voltage

Trac •:

Vertical axis: Flux

Horizontal axis: Magnetomotive force

Trace: _,_._,,_ _,_ oq!,_7_ments of ti_

Oscillogram data:

Flux scale: Ky maxwells per centimeter

Magnetomotive force: Kx gilberts per centimeter

Time scale: 5 milliseconds per dot on trace
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Figure 7

Oscillogram of Clapper Type Relay "A"
Operated on Low Voltage

Traces :

Vertical axis :

Horizontal axis : Time

Oscillogram data:

Armature Displacement Scale:

Time scale:

Armature displacement

20% total armature travel

per centimeter

5 milliseconds per division

15 - VI
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Figure 8

Oscillogram of Clapper Type Relay "At"

Operated on Low Voltage

Trac es:

Vertical axis: Flux

! Horizontal axis: Magnetomotive force

Trace: Modulated in equal time increments

I
I

I

Oscillogram data:

Flux scale: Ky maxwells per centimeter

Magnetomotive force scale: Kx gilberts per centimeter

Time scale: 5 milliseconds per dot on trace

!
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Figure 9

Oscillogram of Clapper Type "At" Relay

Trace:

Vertical axis:

Horizontal axis:

Oscillogram data:

A_ture displacement

Time

I

I

Armature displacement scale: 33% of armature travel

per centimeter

Time scale: 5 milliseconds per centimeter

I

I
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SECTION III

PROPOSED FIGURE OF MERIT FOR POVFmlRRELAYS

It is desirable to have some qualitative measure to aid in the evaluation

of one power relay type for its suitability for missile application relative

to another power relay type. One possible solution is to develop a relation-

ship which contains those requirements which must be satisfied and those

I

I

I

other parameters which represent desirable, but not critical requirements.

In general, the final design of a device is a compromise and it is

necessary to be able to determine if the compromise is essentially an optimum

one° By this is meant that it might be possible to adjust one parameter a

small amount and thereby gain a greater amount on another parameter of

I
t
I

I

equal importance° For example, because of the interrelationship between the

coil power and the coil volume for a given amount of mechanical work, one

type of design might decrease the coil volume and thereby increase the re-

quired coil power to do a given job while another might use a larger coil

volume and thereby use less power° It would be desirable, therefore, to

have some means to account for this ,,tradeoff". A problem associated with

this determination of a figure of merit for a power relay is the fact that

I

I
I

every parameter does not have the same weighting factor associated with it.

For example, if the relationship between power and weight associated with

the power supply is _0 watt-hours per pound of weight then a different

weighting factor would probably apply than if the relationship was 80vatt-

hours per pound_ These weighting factors would_ in general, be the same

I

I

I

for any particular evaluation and so every device under. .........._-........._A

have the same factors applied to it o Since this figure of merit is pro-

posed as a relative evaluation and not as an absolute evaluation, then the

value of the weighting factors is not as critical because the seine value is

i - III
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used in all cases. In this discussion all factors will be considered to

have equal weight.

Determination of the parameters which make up the figure of merit in-

volves including those which are important and those which should have some

kind of bound on them. In nuissile applications, the G level the device

will stand is of absolute importance. Other parameters such as coil power,

relay weight and/or volume are also important. Factors such as contact

voltage and current ratings are important since they indicate the amount of

mechanical work the actuator must perform. Another parameter which should

be considered is the operate time since this is influenced by coil poWer

and coil volume and since tao large a value for this might be unsatisfactory.

The number of the predicted operations of the contacts might also be a

factor.

To develop this figure of merit, these factors should be arranged so

that the _ost desirable values of these factors will either maximize or mini-

mize the figure of merit. Assume t1_t it is desirable to arrange to have

the figure of merit be large for the ',best',values of the parameters. With

this assumption, let the figure of merit by the following form.

G _ VcI c
merit = (i)

\ ',,'S J k.'- C j k TM j\ '!J

where G

Vc =

Ic =

ts =

Pc =

wt =

E =

acceleration in G's

contact voltage rating

contact current rating

plunger or armature seating time

coil power at rated voltage

weight

sum of

2 - III
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stability factor (ratio of pick-up to

steady state current)

These factors are so placed that a larger value of the figure of merit

indicates a more acceptable device. In order to get some idea of the

values involved, the following several cases are given.

For the parallel two coil 300 amp power relay the values of the para-

meters in equation 1 are

I Vc =

I ic =

I ts --

Pc -
wt =

G =

!

!

28 volt s

300 amps

one set of power contacts

18.2 ms

(28)2/24 = 32.7 watts (operate coils)

26 oz.

0.55

20 (as given by manufacturer, failed

20G in one plane at 330 cps)

The merit figure for this relay not including the power rating of the

auxiliary contacts is

I

I
merit =

20 (28)(300)

(lSo2) (32°'7)(26) (.55),

l

I

I

l

merit = 19.75 (operate position)

Since this is a two coil operate, one coil hold arrangement, a more indi-

cative value would be determined by using the hold coil power required and

not the operate coil power required. The hold coil power is 16.35 watts

so the merit figure is

merit = 39.5 (hold position)
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The next case is the series two coil 300 amp power relay.

of the parameters involved are:

Vc 1= 28 volts

Ic = 300 amps

one set of power contacts

ts = 22.5 ms

Pc = 27.6 watts (operate power)

Pc = 7.55 watts (hold power)

wt = 30 oz.

= O°52

G = 20

The i_rit figure is

merit =
2o (28)(3oo)

(2.2.5)(27.6)(30)(.52)

merit = 17.3 (operate position)

merit = 63.2 (hold position)

The 75 amp rotary modified unit will be considered next.

of the parameters involved are:

V = 28 volts
ci

ICl : 75 amps

two sets of power contacts and two sets of

auxiliary contacts

Vc_ = 28 volts

Ic2 = 25 amps

ts = 17°8 ms

Pc = 19.5 watts

4 - III
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type°

wt = 38.4 oz.

= .436

G = 5G (measured)

The merit figure is

merit =
_E2(28)(7_) + 2(28)(25)]

17.8 (39.5)(38.z_)(.436)

merit = #.8

For additional comparison, consider the 3 pole 25 ampere flat clapper

The value of the parameters involved are:

Vc = 28 volts

I = 25 amps
C

3 pole

ts = 20 ms

Pc = 14.8 watts

,_ = 19.2 oz.

= .41

G = lO

The _lerit figure for this type is

merit =
lO[3(25)(28)]

20(_4.8)(19.2)(.41)

merit = 9°0

On the basis of holding power the figure of merit values for the four

cases &i'e:

Parallel two coil - - 39.5

Series two coil -- - 63°2

Modified rotary - - - 4°8

3 pole clapper - -- 9.0
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Two of the types at present do not meet the minimum G requirement so

probably should not be compared on the same basis as the two types which

meet the minimum G requirements. On the modified rotary it now appears

possible to redesign the unit so that it will meet the minimum G level of

20 g,s. This will probably require some additional weight but the increase

in G level will be much greater than the corresponding increase in weight.

In comparison of the figures of merit, the two types involving the

operate-hold arrangement have much larger values of merit figures. One

reason this is so is that only the hold coil power is used in the comparison

listed above. Comparing them on the basis of the steady state power associated

with the operate position the following list results;

Parallel two coil - - 19.75

Series two coil

Modified rotary

3 pole clapper

17.3

4°8

9.0

One obvious problem associated with the operate-hold two coil arrangement

is the switch used to control the coil arrangement. Possible malfunctioning

of it could result in the relay not operating. Another point in regard to

+.he series two coil arrangement is that the instantaneous current into the

coil terminals is larger than the steady state current. This is caused by

the fact the operate coil in magnetically coupled to the short circuited

hold coil.

The figure of merit approach does help point out in a quantative manner

the influence of the values of the parameters. For example, the series

two coil type shows up as having the L_rgest value of merit figure mainly

because of its low holding power. While the modified rotary has such a low

value because of its low G level. The figure of merit approach apparently

6 - III
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brings out these advantages or deficiencies which ever is the case.

The next work to be undertaken in this approach is to determine what

values other parameters should have to maximize the figure of merit. Until

a more quantative relationship is developed for the voltage-current rating

of the contacts, work on maximizing this merit figure will not be too productive.
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SUMMARY

Part C

Contacts

The primary objective being pursued in this area is the determination

of the relationship between the contact material transfered and the prob-

ability of failure and the determination of the companion relationship be-

tween material transfered and the contact system parameters. The contact

system parameters involve those which are mechanical such as, contact forces,

impact and opening velocities and accelerations, bounce, thermal conductivity

and temperature, those which are environmental such as, atmosphere tem-

perature, gas mixture, pressure, humidity and rate of gas flow.

In section two of this part a calculation of the energy trans-

formed in the arc during contact opening is determined by numerically solv-

ing the differential equations which respresents the arc characteristics,

the power source and load characteristics. Only limited experimental data

has been obtained so that correlation of calculated and experimental data

is also limited. Equipment has been developed and is being assembled to

measure the arc energy per operation and also to measure the contact

material transfered. This data is to be correlated to determine the relation-

ship existing between contact meterial transfered and arc energy.

The last section presents some of theory associated with the mechanism

by which the material from the contact is transfered. This discussion el.1

energy balance development is limited to the "short arc" condition.
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SECTION I

THE CONTACT SUBSYSTEM:

OBJECTIVES FOR RESEARCH

I Introduction

The objective of relay contact study is, in general terms, to develop

principles and relations which will allow the design engineer to select

materials and construct a contact system to meet a specified set of require-

ments. In more specific terms (see reference l) the design process may be

defined in the following way:

Given a set of criteria (requirements to be met by the system)

the design process consists of establishing a set of specifications

(materials, size, etc.) that satisfy the given criteria.

The set of all criteria and specifications constitute the parameters of

_e _on_c_÷_ +_ s_o_'_. _,_eobjective of relay _,__^_+_+__,,_ then, is to

obtain relations between the parameters of the contact system. The ultimate

goal, of course, is to relate the criteria to the specifications.

II Definition of the Contact System

The switching contact is known to be an extremely complex device. One

class of phenomena associated with contact operation can be described em-

pirically but are not understood theoretically. Another group of character-

istics of contacts has never been studied with the objective of relating

the criteria of operation to the specifications. Because of this lack of

carefully organized info_Lation, IL i_ nec_ssa_y to u_±_l_ __j _i_

device under study. A tentative definition of the contact subsystem is as

follows.

l-I
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Contact Subsystem

The contact subsystem is defined to be the contact material

and the atmosphere surrounding the contacting surfaces.

This definition provides careful delineation of several phenomena

associated with contact operation. The circuit subsystem, as well as the

mechanical subsystem, must be coupled to the contact subsystem as shown below

in Figure 1.

circuit contact mechanical

subsystem sub system sub system

r

Figure 1

This system diagram helps to place in perspective the inter-relation among

the ti_ee nmjor classes of parameters of _terest. Here, the contact cir-

cuit subsystems will (most often) unilaterally influence the design of the

contact subsystem. On the other hand, design parameters relating the con-

tact subsystem to the mechanical subsystem will generally be adjusted bi-

laterally. As the interest here is in high current contactors, this dis-

cussion will be limited to contact subsystems in this class.

III Design Criteria

The criteria to be applied to the design process will depend upon the

particular application at hand. However, if the contact research engineer

is to work efficiently toward his objective, he must have at hand at leab% a

set of fundamental criteria. Each specific criteria represents a goal of one

phase of the research project. A few of the criteria fundamental to contact

design are:
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(a) number of operations to failure of relay

(b) contact resistance

(c) contact linearity

(d) time to circuit open after operation initiated

(o_ +_o to c_r_ui + _v_v _+_r_ ..... +_ _+_+_

(f) duty cycle

(g) cost

(h) size and w_ight

IV Des__ Parameters

The parameters which influence the design of the contact subsystem may

be divided into two classes. A group of these parameters will be specified

by the application at hand; these we shall call the specified parameters.

Another group will be determined by the specified parameters and the criteria.

The specified parameters are of particular interest to the research engineer

since they should form conceptually a set of independent variables of the

system. A number of specified parameters associated with the contact sub-

system are listed below. Not all of these will be specified in every ap-

plication however.

I Specified parameters of the contact circuit subsystem

(a) current (steady state and transient)

(c) open circuit voltage (a.c. or d.c.)

(d) impedance of the circuit (including any nonlinearities)

II Specified parameters of the mechanical subsystem

(a) force on closing contacts

(b) speed of opening and closing contacts

(c) acceleration of opening and closing contacts

3-I



(d) bounce (frequency and magnitude)

(e) thermal conductivity

(f) temperature

III Specified parameter of the contactor subsystem

(a) temperature of the atmosphere

(b) 6as content of the atmosphere

(c) humidity of the atmosphere

(d) Velocity of the atmosphere

V Relations for the Design Process

The complex nature of the contact system provides a number of challenging

problems for the research engineer. Some of these are difficult because of

the nature of the system involved; others have not previously been studied.

The very fact that materials play a primary role in the design process is

important. The thermal, electrical, and mschanical properties of materials

commonly used for contacts do not follow the linear relationships to which

the design engineer is accustomed. This is especially true of the electro-

mechanical phenomena associated with contact operation.

One of the most important design criteria of the contact subsystems is

the number of operations to failure. There are several types of failure of

particular interest. These are:

(a) contact circuit will not open

(b) contact circuit will not close

(c) contact circuit closes when contacts are in

open position

(d) contact circuit opens when contacts are in

closed position

Failures of type (a) and (b) are of special interest to the high current

relay designer. Here, material removed from the contacts upon opening may
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establish a steady arc in the space between the contacts, preventing the

circuit from opening. On the other hand, if the circuit does open, the

material removed from the contacts during the trial of the arc may prevent

reclosing the circuit.

Relations have not been established to relate the material transfer

during the switching operation of the contacts to the probability of failure.

Material transfer is defined as follows:

Material transfer is the removal of material from the contact

regardless of where it is deposited.

Thus, the relations between probability of failure and material transfer

may be classified in two ways.

(a) The probability of failure due to material transfer in _ich

the material is not deposited on the contactor subsystem.

(b) The probability of failure due to material transfer in which

the material i__sdeposited on the contactor subsystem.

Material transfer in high current contactors is known to be due primarily

to tt_ree phenomena (reference 2).

(a) _transfer (sometimes called fine transfer.) A molten

bridge of the contact material is formed at small spacings,

especially upon opening the contacts.

(b) Short arc transfe_ Material is transferred here by the ion

current of the arc. This arc is distinguished from the plasma

arc (c) by the fact that its diameter is several times greater

than the length.

(c) Plasma arc transfe_ Material is transferred by the ion current

and diffusion.

While there has been an appreciable amount of work on the relations

between material transfer and the parameters of the circuit subsystem, no

generally acceptable result has been established for the high current con-

tactor.

5-I
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The other criteria listen in section III are, for the most part, directly

related to the phenomena described above. Thus, once the material transfer

process is understood, the research engineer will be prepared to study the

other criteria, searching for the relations of interest to the design engineer.

VII Specific Research Objectives

As indicated above the research objective at this time quite naturally

involves a study of the relations between (i) material transfer and the

probability of failure, and (2) material transfer and the circuit parameters.

Because of the complexity of the problem and the radically different phenomena

involved, it is necessary to limit the field of study. The hope is, of

course, to be able to enlarge the area being studied at a later time.

Initially, failures of type (a) and (b) will be studied. Failures of type

(c) occur primarily in high voltage circuits and those of type (d) are not

common to high current contactors. Short arc and plasma material transfers

are of primary interest in the high current contactor and the investigation

will deal first with these.

References:

i. Analyze, Study_and Establish An Optimum Power Rela_Design; January 1
to June 30, 19_; N_ _.

2. Electric Contacts Handbook; R. Holm, 3rd Edition; Berlin, 19_8.
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SECTI0_[ III

CONTACT ST_fJL}\TION ON

THE DIGITAL COilPUTER

In Section I of the Tenth Interim Report (i) it was stated that one

of the i_m1_ediate objectives of contact research was to study the relations

between contact material transfer and the parameters of the circuit con-

nected to the contacts. One of the present areas of investigation (i) is

the relation between the energy dissipated by the arc of the opening con-

tacts and the material transferred. Historically the current through a

pair of opening contacts has been thought to strongly influence the amount

of 1_aterial transferred. Thus, with the overall objective in mind, a

method of calculating the current, voltage, instantaneous power and total

energy dissipated by a set of opening contacts has been developed and

checked experimentally.

During the course of the investigation it became apparent that the

original objective was not complete, and should be restated. In the Tenth

Inter_u Report, referred to above, the relay contact system was divided

into three parts for ease of analysis. These were: (i) circuit subsystem,

(2) contact subsystem, and (3) mechanical subsystem. The objective should

be restated to include each of the three subsystems. Thus, the goal is to

determine a relation between material transfer and the parameters of the

three subsystems. These will be described in detail below.

The digital computer was progrs/mued to solve the nonlinear differential

insight can be obtained from these calculations. For example, it is quite

easy to vary a parameter of one of the subsystems without affecting any

of the other mechanisms involved. Thus, the effect of certain contact

i- III
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design changes over a _._de range of v_zues c_i be observed rapidly. These

c_iic.;.l_,tionswill for_llthe b::_ckg_'ourldfor exper__lental u_ork to follo_.

_et_iod of C_'_lculation

±_e contact subsystem_: ,.zasrepreser.ted oy the circuit diagra_u shown

in ?i_are !. An jj_fortant feature of this calcul%ion is tie ability to

-- E _ L

_/vVVV

Figure i

solve the circuit containing inductance.

Representing the voltage across the arc by Va, a function of the dependent

cur_ent i and the independent variable t_ae, t, we can v_rite the first

order differential equation of the circuit,

di

L-- +

dt
Ri + Va (i, t) = E

The motion of the contact is started at t = O. Thus, the initial current is

i (0)=-
R

The ability to solve this system hinges upon the inforr_tion available

for the arc voltage, Va. A large volm le of data collected by Ragana Holm

(2) and others has shown that the .steady state volt ampere characteristic

of an arc can be represented by a set of "normalized" characterisbic curves

and three parameters which are chosen to characterize the nmterial under

study. The normalized curves are sho_n for different contact spacings in

Figure _. If I is the abscissa and V the ordinate of this normalized curve,

2 - III
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one _i_y approxi_te.

v_ =<(V+Vm)

la:l+ _

Here Vm is the so called minimum voltage of the arc corresponding to the

cathode material; I is the minimum current of the arc approaching the

value of the anode material, and _ is a cor_'_ction factor to correct for

plas_s in which the voltage gradient is unusually high. These parameters

are influenced by the type of atmosphere, humidity, cleanness of contact,

and shape of the electrode.

It is reasonable to question the application of these static curves

I
!

to the dynamic problem under study. In this regard it is interesting to

consider the analogous relation between the arc v-i curves and similar

static curves for vacuum tubes and transistors. Static curves for these

devices are useful for dynamic conditions below the frequencies at wkich

the capacity of the nonlinear device becomes significant. Perhaps it is

I

I

I

possible to apply the static curves of the arc over a similar range of

dynamic conditions. Experimental evidence presented later seems to verify

this conclusion. While the capacity of the arc does play an active part

in the circuit, it does not seem to influence appreciably the average

current, voltage, and power of the arc. The other dynamic parameters

I
such as temperature, ion recombination, mass transfer and electromagnetic

radiation will, it seems reasonable to expect, more significantly in-

I

I

|

I

fluence the arc characteristic as the arc energy becomes large and the

contact opening speed becomes greater.

Each arc length curve of the v-i characteristic is treated as the

grid line of a vacuum tube characteristic. The mechanical subsystem is

coupled to the contact subsystem through these curves. The spacing is,

3 - III
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of course, a function of time determined by the opening characteristic of

the mechanical subsystem. It may be possible to simulate contact bounce

through this mechanism. Thus, with a v-i characteristic to represent the

arc characteristic as a function of current and t_le, a numerical solution

carl proceed. The numerical methods and program details are not of par-

ticular interest here. These are presented in the Appendix.

Calculated and Experimental

Data

Calculated and experimental data for a 2 amp relay are presented

in Figures 3 through 7. The contact was used to open a circuit with

the following parameters,

E = 25.2 volts

R = 12.6 ohms

L = .ll0 henry (air core).

The maximum contact spacing was set at 1 ..r.and the mechanical opening

time measured at ll.4 m. sec. Thus, the velocity was 87.7 mm/sec. Values

of Vm = 12.0, Im = 0.0, and _ = 1.O were selected from data tabulated by

)_. Holm t_ ____._J. ..... _--_ _Lr- for -:_......_ _-_ uv,Lv_uuo oeo_-6 _- air _+IJ.La_L_ _ _7 _r-_+ _

temperature.

The agreement between the experimental and calculated data in Figure 3

is striking. It is especially important to note that the area under the

V-I plot is the total energy dissipated by the contact subsystem. Clearly

the calculated value of 16.8 watt-sec, is in good agreement with the

experimental data. Figures 4 and 5 do not indicate the same degree of

agreement. It is quite possible that the armature did not move with the

constant velocity assumed for the calculation. If, for example, the elastic

4 - III
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force of the molten bridge slowed the initial velocity, the computed volbage

_ould be higher than the experimental value.

Figures 8 and 9 illustrate the effect of the mechanical subsystem

on the energy of the arc. Here the circuit parameters and material con-

stants _ere held constant as the speed of contact opening was increased.

The maximum opening distance was held constant at 1 ram. Note the large

increase in arc energy for slow opening speeds.
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Figure 6

Contact Voltage

Vertical Scale: 20 volts/cm
Horizontal Scalei 5 milliseconds/cm
E = 25°2, R = 12.6, L = 0oli0

Figure 7

Contact Current

Vertical Scale: i amp/cm

Horizontal Scale_ 5 mil_liseconds/cm
E = 25°2, R = 12.6, L = OollO
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Appendix

A block diagram of the computer program is shown in Figure B and a

listing of the progr_n follows this section. Two aspects of the compu-

tational scheme are of particular interest° The integration procedure

deserves some special comments and a method for calculating Va will be

discussed.

A predictor corrector method of integration is used to solve the

differential equation° This method utilizes the slope of the curve at

the present point of the solution and the value of the solution at one

back point to predict the next solution point° Thus

Yp =Yn - i + 2hYmn '

where yp is the predicted solution at the point n + i, y._flis the slope

at the imiddle point % and Yn - 1 is the solution at one back point.

Having estimated the next solution poin% the true value is corrected by

the equation

Yc =Yn +h

Y_n + I + y _n

2

Here the average of the slopes Y'n + 1 and ytn is used to get the corrected

solution point Yc" Expanding by a Taylor series (3) the error term can be

shown to be

h3

12

The progr_._1 is arranged to calculate this error and check to see if it is

less than the value specified by the user° If the required tolerance has

13 - III
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been reached the value of the curve at the new point is printed. On the

other hand, the progr_l reduces the size of the interval h and repeats

the above process.

Since the current curve is rather slowly changing for time near zero

the integration will be quite slow. To speed the process the program

estimates an increment h based upon the largest current step the user

will allow. Thus, the program automatically selects the optimmm interval.

The arc voltage, Va_iS interpolated from a table of numerical values

taken from Figure I o Given the current 10 and a contact spacing So, four

values of arc voltage are read from the table. These correspond to values

of current and spacing on either side of the desired Io, So, as indicated

in Figure A.

V,o

.._ %
r-t
o

_I I ..... _ 5,

i i I
I t

I t I

I, I, I_
current I

Figure A

The two values, V1o and V2o, are calculaLed by 5he linear interpolabion

equat ions

= V11 + (V12 - Vl I ) ( S° - SIVI 0

\ Sz $I

S o - S I
V2o = v_i + (Vz_ - Vai)

\s2 sl/.

A curve of the form

Va (I) = (A + BI) -1

IA - III
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is used to calculate the arc voltage Va at the point

I __ IO •

The constants A and B are calculated to pass the curve through the points

V1o and V2o. The equations for A and B are

and

B __.

V1o - V2o

V1o V2o(I2 - II)

1

V1o

BII .

Thus, Va can be calculated as

Va (Io,;So) = (A + BIo) -I •

The process described above is quite fast considering the length

of the table look up and interpolation scheme. A complete calculation

with an accuracy of one tenth of one percent or greater can be performed

in about ten minutes.

15 -III
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READ INPUTDATA

CO]_IPUTE

VALUES

COMPUTE

PREDICTED

VALUE

CO_PUTE

CORRECTED

VALUE

COMPUTE

ERROR

I
I REDUCE
INTERVAL

PRINT

CALCULATED
DATA

Figure
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i. The Contact Subsystem: Objectives fo___rResearch; October 1 to November

30, 1963; NAS 8-2552.

2. Electric Contacts Handbook; R. Holm, 3rd Edition; Berlin, 1958.

3. Numerical Methods for Scientists and Engineers; R. W. Hamming,

New York, 1962.
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SECTION V

SOME ENERGY, TENPERATURE AND MATERIAL TRANSFER RELATIONS FOR RELAY CONTACTS

I. Introduction

One specific objective of contact research is to identify and describe

by a mathematical model the parameters of the relay contact subsystem

which control the probability of failure of the contacts. An important

aspect of this study is the determination of the mterial transferred

in the region of the contact electrodes. The material transferred during

contact operation is influenced by many factors. For example, the phe-

homena at contact opening is quite different from that at contact closing.

The circuit parameters and mechanical subsystem can change the character

of the opening and closing operation radically.

Here we will consider some of the aspects of contact opening. In

particular, the circuit parameters and mechanical subsystem are assumed

to produce an arc upon contact opening which is a "short arc". The bridge

transfer which precedes the short arc formation is neglected. This

assumption appears reasonable for medium (25 to lO0 amp) current contactors

operating in inductive circuits with short time constants. By short arc

a

-- >_ lO (See Ref. 1 and 2)
S

II. Short Arc Phenomena

We will represent the contact electrodes and the arc by the model

shown in Figure 1.

1-V
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Model of Short Arc

anode fall

cathode fall /

I Figure 1

Anode

I
I

I
t

The cathode fall region contains a high concentration of ions. If the

contacts are operating in a gaseous atmosphere, the cathode fall region

will contain a mixture of gas and metaILic ions. A significant flow oc-

curs in this region. The glow is due to the photon energy released by

an electron as it neutralizes an ion. Experimental evidence indicates

that most of the deinonizatisn _occurs on the cathode surface. The anode

fall region is a dense electron cloud region.

I
I

l
I

The total voltage across the electrodes will be denoted by V, while

the anode and cathode fall will be Va and Vc, respectively. The potential

distribution in the arc region is well known 3.

d2V

(_2

(i)

I and the charge density given by

I j= - (2)
V

I 2-V
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the potential distribution is

v = - (3)
3

where _ is the mobility of the charge carrier and J is the current density.

The potential and electric field are assumed to be zero at X = O.

The short arc is characterized by very high current densities, 10 3 to

108 amps/cm 2. Emission of current carriers from the cathode is produced

by both the Schottky and thermionic processes.

Experimental evidence indicates that the diameter of the arc at the

cathode is quite small. The area of the cathode electrode covered by the

arc is called the cathode spot and may be 10 -2 to lO-5 cm in diameter.

In the discussion to follow, we shall assume the electrode spacing

s to be constant. This appears to be a reasonable assumption for the

short arc of a typical relay (Ref. 2). If the circuit contains any in-

ductance, the voltage across the electrodes will not be constant. Thus,

the power calculations which follow must be interpreted to be instant-

aneous quantities.

III. Instantaneous Power

Balance at the Cathode Spot

Some significant information about the energy dissipated by the arc

and the material transferred by the contact electrodes can be obtained

from a study of the power balance at the cathode spot, anode spot, and

the arc region between the electrodes. This analysis is approached by

considering separately the rate of energy input and outflow from the

cathode spot. The cathode spot is assumed to have negligible energy

3-V
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storage because of its small size. We shall define the entire region of

molten metal to be the cathode spot.

There are five modes of power input to the cathode spot. First, ions

are accelerated toward the cathode by the potential distribution of the

cathode fall. They may be assun_d to acquire a kinetic energy of Vc

electron volts. The assumption here is that ions are produced near the

cathode fall anode fall interface and there is no rebound upon striking

the cathode. We represent the ion current by I+ and recall that

I
l

I

I+ = n q v+_ac a (4)

where N is the ion density, q the ion charge and v+ the ion velocity.

Thus, VcI + is the rate of energy (Joules per sec) or power flow into the

cathode spot by the collision energy of the ions.

The _eend c_ponent of energy is released by the electronic neu-

tralizing the ions on the cathode spot surface. Letting the ionization

l
l
l

I

energy be Vi electron volts, the rate at which energy is added to the

cathode spot by ionization radiation is KciViI +. Kci is a proportionality

constant relating the total energy radiated by the ionization process to

the portion incident at the cathode spot. A reasonable estir_te for Kci

is 0.5. Several values of V for gases and metals of interest are, given
l

in Appendix I_ No. III.

The total electron_ current, I, flowing through the cathode spot

I
region will produce a conventional resistive heat loss. Since the cathode

spot is not of simple shape (See Section VI), we must write the loss as

I

I
where _c is the volume of the cathode spot, j is the cathode spot

A-V
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incremental current density, and 0 is the resistivity. This power input

is represented by an equivalent I2Rc for convenience.

A fourth heat input to the cathode spot is the radiation of energy in

the cathode fall region. The gases in this region can reach temperatures

as high as 3000°K at pressures lO to 20 times atmospheric pressure. This

power input will be denoted by P
cr"

The fifth energy input is due to the latent heat of condensation of

unionized molten metal atoms in the gas near the cathode spot. This power

will be designated by P
CC"

Energy is carried away from the cathode spot by three mechanisms. A

large component of power is required to overcome the work function, _, of

the cathode spot metal. This power is _ I, where I is the total arc

current. The work function for several common materials is tabulated in

Appendix II.

A second power outlet from the cathode spot is by way of conduction

to the bulk cathode material. Although the cathode spot is not planar,

one may approximate the heat flow by

Here

4acK (Tc - To).

K = conductivity of the cathode material,

Tc = temperature of the cathode spot,

T = temperature of the cathode bulk material.
0

The third power sink and one of particular interest here is the latent

heat of evaporation of the cathode spot,. This occurs in two steps. A

fixed quantity of heat is required to melt the cathode spot material. A

second component of power is removed from the cathode spot by the energy

5-V
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required to change the moltea cathode material to vapor. This rate of energy

removal is denoted by Pc e" Heat of vaporization for several materials is

listed in Appendix III.

Now, if the cathode spot is small, the energy stored there can be

neglected_ a power balance must exist between t he energy input to the

cathode spot and the mechanisms for power dissipation. Thus

VcI+ + KciVil+ + 12Rc + Pcr + Pcc

_I + 2acK (Tc- To) + Pce" (5)

IV. Instantaneous Power

Balance at the Anode Spot

The power balance at the anode spot is similar to that at the cathode

spot. Here the kinetic energy of the electron, Va electron wolts, is dis-

sipated to the anlode spot in a collsion that does not have any rebound.

Thus, the collision power input to the anode spot is VaI. Here we assume

the total current flow to be due to ions.

At the anode spot an electron gives up an energy of _ electron volts

when it falls down th_ potential barrier (height _P +_ _÷_÷_7 bar-

rier is the same as the work function, _) at the surface of the anode

spot. This power is denoted by _ I.

As with the cathode spot, an I2R loss given by

_a J2pdV _ I_R z

will produce heating in the anode spot.

The power input at the anode spot due to the radiation of the cathode

fall gas is denoted by Par" The latent heat of condensing metal vapor

6-V
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will be designated by P
ac

Energy is removed from the anode spot in two ways. In the first case

heat is conducted to the bulk anode material. As before this is denoted by

_aaK (Ta - To).

The second case is heat removal by evaporation of the anode material•

with the cathode we denote this power by Pae"

Now the power balance equation for the anode can be written,

As

+ P +Val + _ I + 12R a ar Pac

_aaK (Ta - To) + Pae" (6)

V. A Significant Result

If we assume

Par _ Pcr' (7)

P _ P
ac cc

b,aaK (T a - TO) _ lmcK (T c - To) ,

(Vc + KciVi)I ÷ _ VaI ,

Ra _--Rc,

we can subtract equation 5 from equation 6 and obtain

or

I = - _ I + Pae - Pce

Pae - Pce = 2_ I (8)

Since 2 _ I is greater than zero, the rate at which energy is carried from

7-V
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the anode by the metal vapor is greater than that of the cathode. Thus,

the anode deteriorates faster than the cathode. This fact is verified by

experimental evidence (Ref. 1).

VI. Temperature Distribution

in the Electrodes

The temperature distribution in the electrode face can be calculated

and from this knowledge of the melting point of the electrode material,

the size of the spot can be determined. We assume the radiu_ of the arc,

a, to be much smaller than the radius of the electrode material. Thus,

the electrode can be represented by the semi-infinite region, z < o,

shown in Figure 2.

I

i f

I
l

I
I

I

X

Figure 2

The temperature distribution in the electrode must obey the diffusion

equation

Be

_t
(9)

K

Here k = -- is assumed to be constant throughout the electrode.

_c

K is

8-V
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the conductivity of the material, _ the density, and c the specific heat.

The boundary condition @pplicable to this problem is one in which the heat

Be
flux _ is specified across the surface of the electrode_ Thus,

Be

=
_n

r<a

Be

_n
r>a.

The general condition in which the heat input to the electrode is a

control function of time is assumed here. The partial differential

equation is not readily solved as it stands. Thus, we assume the solutions

e (rlzlt) to be a sum of two solutions, a transient solution v (rlzlt)

and a Steady state solution U (rlz).

e (rll , t) = U (r, z) + v (r, z, t) (i0)

Symmetry eliminates any angular variation in temperature. Substituting

(lO) into the PDE (9) we obtain two equations to be solved,

v2u (r,z) = o (u)

_U

=
_z

r<a

_U

_z
r>a

and
_V

-- = K Vav (12)
5t

9-V
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_v

¢ 0 r>O

5z

v (r,z,o)---u (r, z).

We solve for the steady state solution first. Multiply both sides of

equation (ll) by the Hankel kernel r Jo (_r) and integrate with respect

to r from zero to infinity.

I 52 U r Jo (fr) dr +
5r 2 I 1 5U 52 I

-- -- r Jo (_r) dr +-- ur Jo (fr) dr = O.
r 5r 5z2

We denote the Hankel transform of u (rlz) by

U = ] ur Jo (rr) dr.

I Integrating the first integral in (13) by parts we obtain

52u 5u

I --r Jo (_r)dr = r _r Jo (_'r) - _u d [Jo (_r)] dr
Jo 5r2 o _ _r dr

I and "_

ru u irur Jo (rr) dr = r -- Jo (rr) - -- Jo (rr) dr

I Jo Br2 5r. Jo Br

+ _ur J] (rr)i_

(15)

r_ f ur Jo ("r)dr (16)
0

I

I
I

Now adding the second integral in equation (13) to both sides of equation

(16) we obtain

52u _" _u

_ r Jo (_r)dr + | --Jo (_r)dr =
J° 5r 2 _ 5r

|
I

r--Jo (_'r) + _ urJ_ (_) -
5r

lO - V

_2 _ ur Jo (rr) dr
(17)

I

(13)
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Evaluating the limits in (17) and requiring suitable bounds on BUrr and U

we can write the right hand side as - :2U. Thus, the transformed partial

differential equation becomes the ordinary differential equation,

with solution

daU

__ _ _a U = 0 (18)
dz 2

rz -_z
U = g (r) e + f (') e .

Since U ('IZ) must remain finite as z approaches infinity for all

, g(_) must be zero. Thus,

-(z
U=f (') e (19)

Now we calculate the transform of the boundary condition

dU

dz

z=O

r Jo (rr) dr---_ _ f Jo (rr) dr = a_Ca Jo (_a).

z=O

(2o)

Also

and we have

= _ rf (r) = _3 Jo (ra),

z=O

f (') a_ Jo ('a)
_2

(21)

From this we write the transform of the solution

U =--J= ('d) e
C2

- Z
(90_
k_j

ll - V
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Now we apply the inverse transform and write

a_ --_Z

e

u (r,z)= _ Jo (a) Jo (_r) dr. (23)

The steps for the transient solution are not carried out here as

we are interested primarily in the steady state solution. From equation

(23) the temperature at any particular r and z can be calculated. A

series approximation to the integral is the most convenient method for

determining the required numbers.
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Element

Appendix I

Ionization Potentials in Electron Volts

(Ref._)

Ionization Level

I II III IV V VI

A1 5.98 18.7_ 28.31 119.37 153 ._ -

Af 7.6 21._ 35.9 - - -

Au 9.2 19.95 ....

C 11.3 2_.3 _7.7 6_. 2 389.9 _87

Cu 7.7 20.2 ....

13.6 .....

N i_.5 29.5 _7.2 73.5 97._ 586.7

Ni 7.6 18.1 ....

0 13.6 3_.9 5_.9 77.0 109.2 137.5

13 - V
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Appendix II

Work Function in Electron Volts

(Ref.5)

Aluminum 4.08

Carbon _.6

Copper _.38

Gold _.25

Nickel 5.03

Silver 3.56
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Pressure

Element

Ag

A1

Au

Cu

Ni

760 _ Hg

Appendix III

Heat of Vaporization

(l_ef. 6)

Temperat ure

oK

2446

2600

2933

2855

3073

15 - V

AH

Kilocal./mole

60.72

67.9

74.21

72.8

91.0
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SUMMARY

Part D

Design

This part is mainly concerned with the determination of possible para-

meters that can be optimized under certain constraint conditions and the ap-

plication of these results in improving the design of existing units.

Presented in the first section is a study of the pull per watt for

circular cores compared to square cores for a given rectangular prism

volume occupied by the envelope of each. The results indicate that the

circular core is 1o27 times more efficient than the square core.

The secoi_d and third sections present a study of the magnetic pull as

function of the apex angle for given core widths or diameters and was made

for se_eral configurations, including the circular, wedge and parabolic

shapes. The angles for maximum pull are a function of the ratio of the

working air gap reluctance to the non-working magnetic circuit reluctance.

The fourth section of this part is the theoretical development of

the delay time and armature transit drop-out time as a function of the

relay parameters. A rigorous solution of the non linear differential

equation which describes the armature transit time in terms of general sym-

bols is not possible as yet. A solution was arrived at by making some

practical assumptions which lead to two different conditions of drop out.

A weighted combination of these two solutions appears to give a satis-

factory relationship for the armature drop-out transit time.

The last section of this part preeents a design modification of

the economized parallel coil 300 ampere contactor resulting from op-

timizing the pull per watt. The desire was to be able to eliminate the

need for the economized coil arrangement which involves a control switch

I
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and to develop a one coil unit requiring essentially the same amount of

holding coil power as the economized unit. This appears to be possible

if the assumption is correct that the single coil mathematical model, with

the same number of turns and coil resistance as the two coil unit, rep-

resents the two coil unit.
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SECTION II
FORCE-PHYSICAL_ SHAPE RELATIONS FOR THE BIPOLAR TYPE COIL ARRANGEMENT

I The fo!low_ng discussion includes some of the basic relations

concerning squar_ a_d circuiar eoil_ a development of a relation
I which obtains th...._ximum holding force per watt input per unit

I volume, and a comparison of the holding force per watt input for

square and circular coils°

I Figures ! and 2 show the types of coil arrangements considered

and Table I is a listing of the parameter symbols and definitions°

!

,,
"1/_ - ,_ .. _!
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Square Coils

Figure 2

Table I

Parameter Symbols and Definitions

A = effective area of working air gap = _d 2 a/4

a = air gap factor of core diaz_eter

do = air equivalent length of the non-force producing part of the

magnetic circuit.

C = clearance above and below the coils, contains the armature,

flux paths, etco

d = circular core diameter.

dI = square core side.

D = d + u inside diameter of circular coil.

DI = dI + u Inside length of square coil side.

6 = dia_eter of bare wire_

e = clearance between the two coils.

I 2 - II
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F = magnetic pull force per pole in grams.

gn = winding space factor for the turns°

gr = winding space factor affecting the resistance.

= coil length.

Lc = mean length per turn for circular coils.

L s = mean l_ngth per burn for square coils.

N c = number of turns on circular coil.

N s = number of turns on square coil.

P = coil input power in watts.

R c = resistance of circular coils°

R s = resistance of square coils.

p = resistivity of wire used in coil.

s = outside diameter of the circular coil or length of the outside

width of the square coilo

u = distance from the core to the coil inside.

_ = permeability of free space = 3o19.

x o = length of armature working air gap°

The follo_ing discussion does not consider the effects of changes

in the reluctance of the flux path through the iron due to changes in

the volume occupied by the particular coil configuration. This is

believed to be a valid omission, because of the very high relative

permeability of tile iron as compared to the air gap, except in the

limiting cases, such as, the core diameter approaching zero.

From a strictly geometrical approach the number of turns and the

4_ gn (s_ o)
N_ = (1)

_6 2

3 _ II
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N s =

4_ gn (s - DI)

_8 2
(2)

rf

Lc =- (s+ D)
2

(3)

T, =2 (_+o,)
_C

(4)

Using these relations and the basic formula for determining

PN Lg r
resistance, R = , we have:

_8 _/_

8 p _c gn gr (s - D)(s + D)
Rc = (5)

32 P ks gn gr (s -D1)(s + DI)
Rs = (6)

_.

In a previous Interim Report covering the period 1 October to 30

November 1962, page 7 - II, equation 28, it was shown that

4.03 x 10-5 _o NaI2A

r _ (_k[)

2 (2 Xo + _)a

If we consider F = XI a where X includes all quantities on the

right of equation (7) except 12, and noting that P = I2R we have

F XI a 4.03 x lO-5 _o NaA

P RI a 2 (2x o + _)a R

(s)

i_ith the substitution of equations (I), (3) and (5) into equation

- II
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(8) an expression for force per watt for the circular coil construction

is obtained.

F 4.03 x i0 -5 _o _ gn (s - D)A
- (circular) = (9)

P w P gr (2 xo + _)2 (s + D)

Using equations (2), (4) and (6) a similar expression for the

square coil construction is obtained.

F 4.03 x 10-5 _o L gn (s - DI)A
- (square)= (10)
P 4 _ gr (2Xo+_)2 (s+D,)

As a simplification to a form which shows the effects on F/P due

to changes in overall dimensions, i.e. F_ as a function of _ and s,

and considering D as a fixed quantity, we have

I

I
I
I

I
I

I

I

L (s - 0,)
- = K

P (s ,:D,)
(ii)

where D' represents either D or D ! and K incorporates all quantities

of equations (9) of (i0) not dependent upon _ or s.

Investigation is made of force per watt per unit volume to determine

an optimum relation between s, _ and D, if any. The volume considered

here is the volume of the rectangular prism which incloses all dimen-

sions of Figures 1 or 2. The volume for either square or circular coils

can therefore be expressed as

V = s (_ + C)(2 s + e) (12)

5 - II
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Let the symbol U represent the value of force per watt per unit

volume, i. e. U = FF/Vo Now from equations (ll) and (12) we have

K Z (s-- D' )

u = (13)
s (s+ D,)(_+ C)(2s + e)

If the partial derivative of U with respect to _.is set equal to

zero the equation reduces to C = O, which is not the physical situation.

This implies that U has no finite extremums as _ is varied.

If the partial derivative of U with respect to s is set equal to

zero it can be reduced to

(_/D,)_+ (e/m,- l) (s/D,)_ - (e/2D'+ i) (s/_,)- e/re'= 0 (l_)

Only one of the three solutions of this equation gives a real positive

value for s_' as e is varied from 0 to D'. This implies that of the

three extremums of U as s is varied only one is physically realizable.

Since it is intuitively obvious that U is a minimum at s_' = 1 and

s/D, = _ and since only one real extremlm occurs between these two

minimums it must be a maximum.

A graph of the real positive solutions to equation (14), i.e.

s/D' as a function of e/_', is presented in Figure 3, The coordinates

of Figure 3 represent e and s as functions of D'.

A logical continuation as a result of the proceeding development,

which relates s, e and D' for maximum force per watt per unit volume,

is to investigate the possibility of a relation between _ and s or D'

for which the maxim_n force per watt in a fixed volume would exist.

6 - II
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As a first step, equation lO is rewritten for F/P as a function of

the variables L, s and D, such that

F K' _ (s - D') n D ,2 KI (s - D,)(n,) 2

- = a2 = _ (15)
P (s + D,) 4 s + D,

where D' represents either D or DI and K_ = K n 72/_

If equation (12) is now solved for L, considering V fixed, and

substituted into equation (15) we have

P (s + D') (2s + e) - C

(16)

which may be written in the form

F K_(s_'-l) I V i

--= _ CD ,2

P (s/O' + i) /O' (2 s/D' + e/D')

(z7)

It is noted that if we held e/D, constant as D' is varied then
/

from the previously developed relation for maximum force per watt per

unit volume it is seen that s/D' will also be a constant. This results

in effectively varying s if F_ for a given volume is to be a maximum.

Figure i is a qualitative graph of equation 17. The graph shows

that the force per watt for a given volume has no relative extremums

as D' (or s) is varied. This graph indicates the most effective design

configuration with regard to magnetic force on the armature will be

obtained from the smaller diameter coils, which for a fixed volume

implies long coils.
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The value of F_ goes negative in Figure 4 which is not physically

possible because C is held constant as D' is varied. As D' becomes

large _ must become negative to maintain a constant volume which results

in a negative F/@. This relation is also incorrect for very small D',

however, it gives an indication of the behavior of F/P within physical

limit s.

K' (s_' - i)

sp, (sp,+ 1)(2sp, + ep,)
Fp

v

(2s/D, + ep,')]

\ .

' • D,' N N D

Figure

The following is a comparison of the square and circular coils

on the basis of the efficiency with which the input power is used to

develop magnetic holding force. The comparison is made for both equal

volumes and equal weights.

It should be noted that the _revious development of the relation

between s and D', which results in the maximum force per watt per unit

volume, is independent of whether square or circular coils are consid-

ered. Therefore, when square and circular coils are designed for
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maximum force per watt per unit volume, such that they occupy the

same volume and shape (i.e. such that they have the same s, _ and e)

then D = DI.

If we now divide equation (9) by equation (lO) under the above

design we have

F/P (circular)

F/P (square)

4
= - = 1.273 (_)

IT

For comparison on the basis of weight it is assumed that the

square and circular coil configuration have the same values of s and

D, with _ the factor which equalizes the weight. The comparison is

equally satisfactory and simplified if we consider only one coil for

each case instead of the dual coil arrangement.

_c = length of circular coil

Za = length of square coil

dw = density of winding (wire, insulation, air)

dc -- density of core

Ws = weight of square coil

2 _D2 i _Da
Wc = _c --- -- d4 dw+Pc 4 c

W

_C --
4

F](s2 dw + (dc - dw) De) ='£c 7 K2

Ws = _s (s2 - D2) dw+ _c D2 dc

= _s (s2 dw + (dc - dw) Da) = Ls K2

lO - II
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For Wc = Ws

IV

Wc Lc_ Lc
-- = 1 = or -- = -

Ws _s _s

Now dividing equation (9) by equation (i0) _gai_ __ L

variable

F/P (circular) 4Lc

F/_ (square) _S

: (4/_)_ : 1.6_ (19)

In conclusion we see that, for coils of which the envelops occupy

the same rectangular prism volume, the circular coils will develop about

1.27 times more magnetic force per watt input than the square coils, as

seen from equation (18). If square and circular coils have the same

value for s with equal weights the circular coils will develop ap-

proximately 1.62 times more force per watt input than the square coils,

as seen from equation (19).
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SECTION II

A STUDY OF POLE FACE CONFIGURATIONS

This section is concerned _ith the comparison of the magnetic force developed

for four different pole face configurations. The following is not a completely

rigorous development because of the restrictions imposed on the models being

studied. It is intended, however, to give an indication of the general influence

of these configurations on the contactor's performance. Any quantitative ap-

plication of the results of this development would, of course, depend upon the

agreement between the application and its relation to the restrictions imposed

on these models.

The models being studied are considered to be in the unoperated condition

(i.e. n_x_num working air gap).

The assumptions, or restriction, made for the magnetic circuitry are:

1. The fringing effect is negligible.

2. The flux is perpendicular to the pole faces and enters or

leaves only at the pole faces.

3. The magnetic flux density is constant along the pole face (i.e.

no saturation of any part of the pole face)°

The comparison of the four configurations is based on the following properties

being equal for all configurations:

1. Equal width of the pole face.

2. Equal tlmickness of the pole face.

3. Equal magnetic reluctance of the magnetic circuit not

containing the air gap.

&. Equal ampere turns applied to the total magnetic circuit.

5. Equal travel distance.

Note that the pole face is considered to be of uniforvn depth and therefore

1 - II
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its plane projection would appear to be representative of some types of rotaryarmature configurations.

The following is a generalization of the procedure used later for the develop-

I ment of the force equations for the four configurations.

i The force in grams from a single pole has been developen in an earlier report as,

F 4.03 x lO-s B2A KI _F2

I - = -- _ where KI is a constant of proportionality- 2_o A

I The magnetic relations of interest are

I A_ = fHdl =fB/_ d_ where _ is a constant

AR = A_/_ = g/_A for uniform parallel magnetic flux

I NOTE: For listing of parameters and symbols used see Table 1.

The five steps in the following nmthematical developments are:

1. Let = K2 since_±s proportional to the ampere-turns being applied,

which is being held constant for this comparison

I 2. Determine the reluctance of the air gap, _a, under the stated

restrictions o

I 3. Obtain the total flux, _T"

I _T _T _a + Rc

i where _T is the total reluctance of the magnetic flux path and

_c is the reluctance of the path not including the air gap, a

I constant for comparison.

_. Determine the force producing flux, _F" Since the flux density

along the air gap is considered constant we may _ite

2- II
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L ,T c_= =- os Z dS
S

where S is the total length of the air gap and Z is the

angle between the normal to dS and the direction of force.

5. Determine the force from the previous equation

2
KI _F

F=

A

where A is the area of the air gap. For the comparison

purposes here the thickness will be considered one unit,
therefore

F

S

I 1. _= K2

I x
2, _a I =--

I _°D

K2 K2

I 3. _T .....

Ra' + _c x + _c

I P°D

4. _F =m _cos Z
S J dS = _T

I

Case I

Flat Pole Face

3 - II

d
X

?



2
KI _T

5. F= =
D

1. _= K2

I

I
2. ARa =

I A_ = -- d__o

I

I

i

I

I

I

I_,I

where B =

AA = rA8

and dp = dr

therefore

2
KIK2

+ Rc

_(_ Ae)

AA

and

A_ =

Case II

Circular Arc Pole Face

D,

2

rl

dr

r2

F
#

rl

1 r2

In --

rl

- II
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In the limit

1 r2

d_ =------- in ---
a

_odo rl

Then

2_o0 1

_a = "-------" or
r2

in --

rl

or d_a =

in (r2/rl)

1

d_a

_od8

r2

In

rl

X = r2 - rl

r2 2x
or__=_ sin @, + i

rl D

_((2x/_)_ino' + i)

2_o0'

@

K2

_T =--
Ra +Rc

K2

in [(2_/D)_i_o' + i] + _,c

_o_'

= _ cos Z (IS

4. _F S

DS'

where S = --=-----)
sino'

and Z= 0

D do

dS = --
2 sin O'

_T /0'_F S

0

D

2 sin O'

- cos 0 d_

5 - II



I

I

I

I
i

1

K2 sin e'

e' /in [(2x_)sin e' + i] + _c

\ 2_oS,

5. r =

_2 sin 3 e,KI _F 2 KI K2 2

S D e,3 /in ((2x/D) sin e' + i).

2_oe'
+ _c

Case III

Wedge Shaped Pole Face

The section of the air gap labeled A is assumed to contribute a negligible

amount of force producing flux.

1. _= K2

@

x sin e'

_a =

_o D

sin e'

x sin 2 8'

_oD

o _T =

K2

ea + _c

K2

x sin2e '

+ ec
D_o

x

°T_ = m cos Z dS
S

where Z = 90° - e' or cos Z = sin e'
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S _ m

D dD

; dS =

sin 8' sin @'

K2 sin 8'

x sin2 8'

+Rc
D_o

5@ r _ 1

2 sin 3 8'KI _ KI K2

S D (x sin28'I_o

It should be noted that the

discussion of the wedge shaped pole

face applies equally well to the wedge

shaped pole face presented here.

X

Case IV

Parabolic Shaped Pole Face

amount of force producing flux. D is assumed sufficiently greater than x so

that the flux lines are essentially parallel.
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i

1. _= K2

2. y = az 2

dS -_'l + 4a2z 2' dz

_l + 4a2Z_' dz

s = (D/2)#_D_+ _._ in (_o +Ja_o_+ Y)

x 2_

a
_oS _o[ D'/aaD2 + 1_ + (l/a) in (aD + 4aeD a + 1)]

e _T =

J
X

t

T
n

I
I

I

I

I
I

I
f

@

_T
_F = --

S cos Z dS

slope of pole face -- 2az

i

slope of normal to pole face = -

2az

cos Z = sin [tan-1
] V4a2_,2+ f

_T
therefore _F =--

S
D which reduces to

DK2

_F =
X

_o

+ _ ec [D_a2D2 + l' + (l/a) in (aD + 4'aZD 2 + I) ]
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I

1 r _ m

2

S DY

1

where Y =_i + a2D 2' + m In (aD +41 + a2D 2')
aD

It should be noted that the discussion

of the parabolic shaped pole face applies

equally well to the parabolic shaped pole

face presented here, by considering a

change of coordinates.

x _

h

\

\
\
\
\
\
\
\
\
\

To compare the results of the force produced by the four mathen_tical

models considered here, several graphs are presented.

Figure 1 - To compare the force equations several comuon quantitative

relations had to be chosen. In this figure, relations which are believed to

be fairly close to the average for contacts were chosen. These are x = D/lO

(i.e. the travel distance is one-tenth the pole width) and @c = _a'/lO" The

........... _ _._-ison is uu._r_........... a_ Lhe flat pole face configuration.

The crossing of the i00 percent line is therefore the value at which the force

produced by a configuration is equal to that produced by a flat pole face.

Note, the second abscissa is for the parabolic shaped pole face and is for the

9 - II
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total heights of the parabola.

Figure 2 - The curves presented are the same as those in Figure 1 except

that _c = Ra'/50 and the parabolic shaped pole face is not present because of

the unfavorable results of Figure 1.

Figure 3 - The curves presented are the same as those in Figure 2 except

that _c --_ _a'"

Figure 4 - The results of Figures l, 2 _nd 3 show a motion of the maximum

value of force for the circular arc and wedge shaped pole face. The curves

presented here show the complete motion of these maximums as a function of k

where k is defined by

_c = k Ra'

In conclusion it is seen that a decided advantage may be obtained from the

wedge shaped pole face if _c is known and small. However, as 9 becomes small

the mathematical model becomes less correct and the physical problems increase.

For the circular arc pole face it is seen that the maximum force always occurs

for 0 below 27.5 degrees, although, the gain for the maximum is only a few

percent improvement over that of a flat pole face. One of the _:_ostnotable

aspects of the curves for the circular arc pole face is the considerable loss

in force as 0 becomes large, i.e. as the pole face approaches a semicylindrical

configuration.

No attempt to experimentally justify the preceding results has been made

at this time.
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A

a

D

A

_F

_T

h

KI

K2

ga'

_c

S

X

Y

8'

Table i

Area of pole face

Specifiea the shape of the parabolic pole face y = az 2

Width of pole face

Used throughout preceding pages to indicate incremental segments

Magnet omotive force

Component of flux in the direction of force

Total flux

Height of parabolic pole face configuration

Constant of proportionality between force and _2/A where F = KI_2/A

Constant magnetic force applied

Permeance of air gap, _a = i/_a

Reluctance of air gap

Reluctance of the air gap for the particular case of the flat pole face

Reluctance of flux path not including the air gap

Total length of air gap. Since the air gap is considered one unit tl]ick
S=A

length of air gap

41 + a2D 2' + (i/aD) in (aO +41+ a2O 2')

Fixed configuration angle for circular arc and wedge shaped pole faces,

(see the appropriate figures on previous pages). Note, that on the

graphs the pole face width, D, is considered the constant.
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SECTION IV

I FURTN_R DISCUSSION OF POLE FACE CONFIGURATIONS

I
From a test report by Sandia Corporation measurements were made on

I cylindrical solenoids with cone shaped pole faces. These measurements were

force displacement curves for several cone angles and for several power

I input s.

I If an equation is derived with the same assumption and procedure as

those in the Tenth interim Report then the resulting equation for the cone

I shaped pole face is

I _K 1K_ sin 3 e
F = _ (i)

I
I
I

I

I
I

I

I

I

where: K I = constant of proportionality between

force and _2/A as F = KI_2/A

K2 = constant mmf applied

D = diameter of pole core

= 1/2 the apex angle of the pole face

X ----" ] _"+ _ "_ "_ ..... alr gap

Wc = reluctance of flux path not including the
air gap.

_o = permeability of air

Figures 1 and 2 are copied from the test report of Sandia Corporation

for 3/8 inch diameter cores. It is seen that the values of Figure 1 are

v_ry cluse to one and one half times as large as those in Figure 2 which

is the ratio of the different powers applied. This indicates that in this

range of measurements the material is not saturating
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Equation i may be written as

C sin3e

F=

[(.a/_c) sin2g + 1] 2

2
4K IK2 Ax

where C = and @a =
_" D2_c 2 rr _o D2

(2)

The intersection of the 30 degree and 45 degree curves of Figure 1 can

be used to solve Equation 2 for C and @J_c" With these quantities a theoretical

figure equivalent to Figure 1 can be drawn from Equation 2. This is done

in Figure 3.

It is seen from Figures 1 and 3 that the experimental data has approx-

imately the same form as that presented by the equation developed from the

L_plifyl g a_-_pti ..... 1..........................

measurements are not predictable from the equation and therefore neither

are the cross over points.

Several empirical modifications to Equation 1 have been tried at this

ti_le, all of which were unsuccessful in leading to the experimental results.

Close correlation between the theoretical and experimental values is not

expected since the assumptions used in developing the equations were based

in part upon the fact that the value of x was small compared to the value

of D. The experimental data was primarily in the range where x is of the

same order of magnitude as D. For values of x comparable to D, the pro-

blem involved in the theoretical development is the amount of fringing of

the magnetic flux and the manner in which the flux is distributed in the

air gap.

The main point obtained from the experimental data is that the maximums

predicted do exist and that there seems to be a larger w_riation than predicted.
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The advantage of having an equation, which will give the proper results

without neglecting fringing, would result from situations where it is desir-

able to maximize the force at a given displacement of the armature.
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SECTION I

RELAY DROP-OUT TIME

This section is concerned with the determination of an analytical

expression for the drop-out time of a relay to be used in the design

I maps. The drop-out ti_ is considered to be the time interval from

the instant the relay is deenergized until the contacts first make

I

I

I
i
9
I

contact with their normal deenergized positions (i.e. neglecting open-

ing bounc e).

Several important ass_nptions were made in the following calculations.

One of these, that being the magnetic circuit is not saturated, is of

primary importance in the determination of the delay time, td. Another

_.gg]]mnt_on J.q that the snrinm force on the armature has a constant

spring constant. This assumption is of primary importance in the de-

termination of the transit drop-out time, j. This can be justified by

assuming an effective s_ring constant which includes the armature

spring and contact overtravel springs.

I

I

I

Even with these assumptions a straight forward solution of the

transit drop-out time involves the solution of two simultaneous non-

linear differential equations. No solution in symbolic form is believed

to exist for these equations. Therefore, in the solution for the

transit drop-out time many hopefully logical approximations and as-

I

I

I

I

sumptions are made. The ultimate justification of these approximations

are results which satisfactorily approximate the actual transit drop-

out time. Rough preliminary experiments have given good results. More

extensive experimental investigations will be made, however.

The delay time, td, is defined as the time interval from the

instant the coil is deenergized until the armature _loves away from the

1-I
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core. In the following calculation, td, will be approximated by the

time interval from the instant the coil is deenergized until the net

force on the armature is in the direction to cause release. The force

on the armature will be in the direction to camse release at the in-

stant after the spring force is equal to the flux force which can be

expressed by the following equation.

4.03 x 10-SBdZ A
Po + kXo = Eq 1

_O

_,CnereBd is the flux density at td which may be expressed as

_d Nid Nid _o

Bd _ _ _ _

A gA
Eq 2

Where Sd is the total flux and R is the reluctance of the magnetic

circuit when the relay is actuated.

Combining Equations 1 and 2 we have

[2(Po + kXo)a_ ]_id ..... 157.5
4.03 x l0-5 AN2_o]

_'2(Po+ kXo)

from this expression we may obtain

id RtJ2(Po+ kXo_ _JPo+ kXo

= 157.5 = _ P_oiss _ _4_oA (_+ Xo)
Eq 3

where _ is the stability factor defined in previous reports.

• _...... _ +_ _n÷. w_11 d_e_y exponentiallyAfter the coil is _ ...._........................

with a time constant of Lc/(R c + Rd) and at td we will have

Note: Table I contains a listing of symbols and definitions.
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I Rc + Rd 1
= iss exp td

Lc

Lc may be expressed in terms of the relay parameters in the

following manner,

Lc = N_/I but _ = NI/R or _/I = N/_

therefore Lc = N2/_ = _o_2/_

Substituting Equation 5 into Equation _ we have

id [ _(Rc +Rd) Itd
m = exp -
iss _oAN 2

Equations 3 and 6 may be solved to td giving

t_oAN2 cr (a, + Xo) _o

bd - Lu __
 (Rc +  /Po + kXo

Eq i+

Eq 5

Eq 6

w A ,

I

I

I

I

I

I

The transit armature travel drop-out time will be broken down into

two separate problems. The first of these will be to determine a drop-

out time (Jl) for the case of a greater decrease in flux force than

spring force for a constant current of id. The second problem will be

the determi_nation of a drop-out time (j2) for the case of comparatively

small change in flux force to the change in spring force for a con-

stant current at id. These two problems will be shown to lead to the

same approximate results with conditional inequalities to be satisfied.

Before proceeding withan approximate solution to the first

problem, i.e. determination of Jl, the dynamic equation of force will

be considered in general.

Fd (drop-out force) = Fs (spring force) - Ff (flux force) Eq 8

Let x be takea to be zero when the armature is closed and increases

positively as the armature opens and let t be zero when i = id.
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BaA ia Ni

Since the flux force Ff = _ OC because B = _/A = -- =
2_ o (_ + x) 2 AR

_oNi

and since Ff = Fs at the instant t = 0 we may write
(_ + x)

Ff =
_aFs(O ) i2

id2 (_ + x) 2

. The spring force Fs is linearly related to the

displacement and using the standard symbols from earier interim

reports may be written as Fs = Pc + kxo - kx. From these consider-

ations we may write Equation 8 as

Fd = Po + kXo - kx - (Po + kXo)

_2 i2

(_ + x) a id2

Eq 9

If we assume that the overall variation in n_gnitude of i(t)

is small (which is generally true for conditions imposed by Jl) we

may use i(t) to give the rate of change with respect to time of the

force on the armature at t = 0 (i.e. x : 0 and _/d t = 0).

Since i(t) = id exp
'[ (Rc+ Rd)t 1 di
- and -- (o)= -

Lc dt

id(R c + Rd)

L c

d Fd

dt
t=O

2(Rc + Rd)
= (Po + kxo) Eq i0

L c

Another condition used in the solution for Jl is the final force

Fd(t) t : Jl = Po - (Po ÷ kXo) (_ ÷ Xo)a

I X:X o

Since Fd = M d2x/dt a it is seen that Equation 9 is a nonlinear

differential equation with respect to time even if i is considered

constant for an approximation.



I
I

!
!

!

!
i

I

!
!

!

!
!

A solution for Jl will be obtained by assuming a solution for Fd

in equation 9 from which Jl can be obtained from Fd = M d2x/dt 2. The

following paragraphs along with Figures 1 through 3 will present the

reasoning for selection of the Fd used in the subsequent development.

Figure 1 is an approximate three-dimensional representation of Fd

P_o_d in _ "_*_^_from Equation 2. _ _- the F t plane "- *_- _ _.e _ar_. of force

due to the change in current if the armature did not move, however,

since this force is small only the initial slope and a short interval

of time later is of interest (i.e. to about point a). Shortly after

the armature begins to move Fd will become the motivating force and

will approach a value of approximately Fs(xo) - Ff(xo).

Figure 2 (a) is a curve similiar to Figure 1 except that it is

• _ I' .... o ...............

pared to the force of the spring, Fs, at x =x o. Figure 2 (b) is

actually a guess of the force on the armature, Fd, as a function of

time resulting from the reasoning presented in the previous paragraph.

A function of time which has this shape and can satisfy the initial

slope initial value and final value could be

Fd(t) = A (1 - Bt)_- A Eq 12

where A and B are constants to satisfy the known condition.

Figure 3(a) is another curve similiar to Figure 1 except that it

is for the condition of Ff not being negligible as compared to Fs at

x = xo. Figure 3 (b) is another guess of the shape of Fd proceeding

as above. A simple modification to Equation 12 which would give a

curve of this type would be.

Fd(t) = A (1 + Bt)_ - A - Ff(jl)t/j I Eq 13

The constants A and B can be solved for by applying Equations lO

and ll

5-I
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dFd(t)

dt
t=0

AB - Ff(jl)/jl = (Po + kXo)
2(Rc + Rd)

Fd(t)]

L c

= A(1 + Bjl)_ - A - Ff(jl) = Po - (Po + kXo)
(_+ Xo)2

t =Jl

however, since Ff(jl ) = (Po + kxo)
(_ ,-F Xo) 2

A(1 + Bjl)_ - A = Po

The acceleration of the armature is given by acc. = Fd(t)_

and using the results of Equation 13 we have

Eq 14

Eq 15

ace. A[=- (1
M

Ff(jl )t
+ _)_- 1 - ,

j_M

Integrating and satisfying the initial condition that velocity

at t = 0 is zero gives

A [2(1 + Bt)3/2Velocity = -
M 3B

-t
2 Ff(jl ) t2

3B 2jim

Integrating again and satisfying the initial condition that

displacement at t = 0 is zero gives

A [4(i+ Bt)5/2 t2 2t 4 ] Ff(jl) t3
X _ _ m m

M 15_ 2 3B 15B 2 6jim

Eq 16

For I_1 <_32the quantity (i + Bt)5/2 may be approximated by

the polynominal

15 15

(1 + Bt)5/2_ 1 + 5/2 Bt +-- B2t2 +-
8 48

BSt 3 Eq 17

6-I
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This is best shown in Figure 5 when both sides of Equation 17 are

plotted and the error caused by use of Equation 17 is seen to be small

for Bt < 32.

If Equation 17 is now substituted into Equation 16 and evaluated

for t = Jl we have

A B Fz(jl)
Xo = _ j_ Eq 18

12M 6jIM

From Equation 14 we may substitute for AB in Equation 18 obtaining

or

2(P o + kXo)(R c + Rd)
Xo = j@

6NLc

jl =[ " 3MLc x° I _ Eq 19

L(Po + _o)(_tc + _d) J

However, a condition has been imposed on Equation 19 when the

approximation in Equation 17 was used. Equations lh and 15 may be

solved for A when t = Jl which results _.

Po6 Po
A = where 6 =

_L_k_c + _d)J1/_c + Jl - oj P +kx
0 0

however, since in general V2 << 2(Rc +Rd)_c we have

A __

Po6

212(R c + Rd)JI/L c - 6]

Substituting this back into Equation 15 and considering the same

inequality to hold as above

Bjl _L
8(R c + Rd)JI[2(R c + Rd)Jl_c - 6]

62Lc

7-I
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Therefore, the condition imposed on Equation 19 is good when the

results satisfy Equation 20

(Rc + Rd) j, [2(R c +R d) j,/Lc - 8]

82Lc

4 Eq 20

If we now let _ equal the time constant of the discharge circuit

Lc/(R c + Rd) we have

-482_<_ 2_- __8 2

Jl

-8 -- -_82 <0
q_

Jl
s 1.68_ F__21

Where Equation 21 is not the only inequality but the only one of

physical interest.

The determination of the transit drop-out time, J2, will now be

considered. This will be the case when there is a comparitively small

change in flux force to the change in spring force for a constant current

during the drop-out period. This condition is illustrated in Figure 4.

For a force in the direction to release the armature to exist, the cur-

rent must fall coninuously to produce a force less than that of the

spring. This condition will be approximated by assuming the force as a

function of time is due entirely to the exponential decrease in current°

A first order approximation of this force would be,

1 - exp
2(Rc + Rd)

m

Lc

Eq 22
Fd(t) -_ (Po + kxo) (

8_I



With this approximation the initial slope will be the sameas that as-

sumedin Part 2. However, the final value would be larger than actually

expected for the assumptions madebecause the spring force will decrease.

The acceleration of the armature is given by acc. = F_(t)_ and

using the results of Equation 22 we have

I (Po+kXo)
acc. = l-=p ( -t/ )

M

Lc
where 7 =

2(Rc + Rd)

Integrating and satisfying the initial condition that velocity, v,

at t = 0 is zero.

V

(_o -I- ICY,.o )

M
t + Te_p (- t/70 - V"]

I
I
I

I

I
I

i

i

Integrating again and satisfying the initial condition that dis-

placement at t = 0 is zero

X _---

(Po + kXo) [ t2

I --__a exp ( - t/_) -_t +_'_
M L 2

Eq 23

For t/T <_ 1.2 the quantity exp ( - t/_ may be approximated by the

polynominal

exp ( - t/_)= [i- t/_+ _(t/-_)2- 2/15 (t/7_3 ] Eq 24

This is best shown in Figure 6 where both sides of Equation 24 are

ploted and the error caused by use o1 ,_quation 24 is seen to be small

for t/?_< 1.2.

9-I
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Substituting Equation 24 into 23 the results reduce to

x = 4(Pc + kxo)(R c + Rd) t3

15 M Lc

Eq 25

Solving Equation 25 for t = ja (ice. x = Xo) we have

j2 _

3.75 MXo Lc

(Pc + kXo)(Rc + Rd)

Eq 26

Because the resulting expressions for Jl

in value and the inequalities to be solved are closely related,

two equations are approximated by one dquation.

J3 _-

and j2 are almost identical

these

3.5 MLcXo ] §

(Pc+ kXo)(Rc+ _) ]

I

I

!

I

!

The form of J3 is not complete for the transit drop-out time

because of the inequalities required to be fullfilled and the equations

indicate that as the discharge resistance increases toward an open

circuit the transit drop-out time approaches zero° It must however,

approach some finite timc dete_ined by the spring force. This limit-

ing value in drop-out time, j,, may be approximated by assuming the

spring force to be constant°

acceleration = l_ (Pc + kXo)

Integrating twice and satisfying the initial conditions of v = 0

and x = Oat t = 0

i

X O _

2M

or

(Pc + kXo_ j_

2_Xo ]½
Po + 1_o

lO - I
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Combining Equation 27 and 28 into a complete transit drop-out

time equation is the next step. Investigation of the inequalities shows

that when they are satisfied j3 is somewhat larger than j@o Experimental

evidence seems to indicate, in this region of transition between equations,

J3 and j_ can be combined as the cube root of the sum of the cubes.

This .....l+ _i_ _+_e_o_ t_o bo,_ndary conditions_

+ Eq 29

J = ;(Po + kXo)(Rc + Rd) Po + kXo

Further experiments justifying the above results will be made and

submitted in the next report along with any required changes.

Throughout the above development of j the M K S system of units

verting Equation 29 to the conventional units used in these reports,

where mass and force are in grams and distance is in inches, we have

[ ._90sM _o T.c I + _q 3oJ I

\ (Po + _o)(Rc + _d) Po + _o

Ii - I
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A

Bd

6

V

E

*d

id

iss

j =

k =

L c =

M =

N =

=

Po =

R c =

Ed =

t d =

Table I

X 0 _---

effective area of working air gap

nonforce producing air equivalent of the magnetic circuit

flux density in air gap at drop-out current id

Po/(Po+ _o)

_/(_+ Xo)

open circuit supply voltage

total flux in air gap at drop-out current i d

the current for which the force due to the flux is equal that

of the spring with armature in energized position°

steady state coil current when energized

armature transit time for drop-out cycle

effective spring constant of spring system

inductance of coil when armature is in the energized position

effective mass of armature system

permeability of free space

coil turns

design stability factor

effective restoring force on the armature at pick-up

coil resistance

discharge resistance external to coil

total resistance presented to open circuit power supply voltage

reluctance of magnetic circuit

time interval from instant supply is removed until force on

the armature changes direction

length of armature working air gap

12 - I
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SECTION I

DESIGN MODIFICATION OF THE PARA_ COIL 300 AMPERE CONTACTOR

The 300 ampere contactor under consideration utilizes a parallel two coil

arrangement that uses both coils for operate and one coil for hold. One pos-

sible weakness of this arrangement is the possible malfunctioning of the con-

trol switch used to switch from the operate to the hold coil arrangement. Fail-

ure to open during the operate cycle would result in using about twice the

anticipated coil power. Failure to reclose during release would be more

drastic since the contactor would not operate on one coil at rated voltage.

The design modification presented here is to consider the result of

changing the core diameter to maximize the pull per watt of the core with the

hope that a one coil no control switch unit can be made. It is desired to

maintain the outside coil dimensions the same and the core dimensions_ other

than its diameter, also the same. From the mathematical model being used only

9 pars_aeters out of 19 parameters can be fixed or held constant. The other

re_ining lO parameters will be subject to change.

The parameters held fixed were:

coil voltage E
coil length
outside coil diameter s

working air gap and magnetic circuit x o +

stability factor
coil bobbin insulation thickness u

effective back tension Po

mass of moving system M

The only parameter that was desired to be changed was the ratio of the

core diameter to the outside core diameter. This ratio is symbolized by B'.

The parameters which are subject to change because of changing _ are:

diameter of bare wire 8

plunger transit time k
coil turns N

coil power P

l-I



I

F
I

I
I

I

|.
l

9

!

I

I

!

I

I

coil resistance Rc

plunger pick-up time tp

total seating time ts
cross sectional area of working air gap A

core diameter d

ratio of coil bobbin insulation thickness

to outside coil diameter

The relationships used in this mathematical model are as follows:

fl

Rc(X o + _V2Po
= 157.5

f2

f3

N2 _ cA

tp = i0 -s

(Xo + _)Ro

in 1

k = (8.66 x lO -3) 36M Xo2

f_ p = _2t,_ c

(0.865 x lO-6)sa_(1 - A - o)(! + _ + c)gr

_C
8 4

f6 N

0.637 s_ (i - _ - _)gn

8 2

f7 _oA = _o (d2 - d2) _/4 (_o = 3.1.9)
I

f8

f9

fl o

d I = diameter of hole in core

t s = tp + k

B = d/s

(y = U/S

2-I



I
I

I

In order to check to see if the selected (fixed and those being changed)

parameters are non-conflicting the map shown in Figure 1 is used. This map

is a listing of the different parameters as rows and the relationships as

columns. The selected parameters are marked with a circle in the first column

and the determined parameters by aOorr- I . The_ is used for those para-

meters involved in the solution of a set of simultaneous equations. The set

of selected parameters are compatable in this case since they resulted in all

I
I
I

the remaining parameters being determined through the use of the relationships.

The order of solution of the relationships is sho_ by the alphabetical list-

ing at the bottom of the map. Relationships fl _ f5 and f6 must be solved

simultaneously for parameters 8, N and Rc. The solution is outlined as follows:

Relation fl can be written as:

N =XR_

relation f6 as

N = Y/8 a

and relation f5 as

= Z/8 _

Solving equations 2 and 3 for 8_ and setting them equal gives

y2 W

N2 Rc

(i)

(2)

(:3)

I

i

I

or

from equation i

therefore

Rc =_
ya

N

X

y2 X

3-I

f_ _

k_C_l

(5)
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Since _, Y and X are known, then the solution of equation 5 for N

gives : N = Ya/OC__where:

157.5(Xo+ _>?fFo
x = (6)

fr_%

Y = 0.637 s_ (i - _ - _)gn. _c;

w = 0.865 x I0-s sa% (i - _ - o)(i + 8 + _)gr (8)

gn and gr are winding space factors.

Going back to the solution order on the map shows that relationship

flo is solved for o, f9 for d, f7 for _oA, fl, f5 and f6 simultaneously

for Rc, N and 8o fa for tp, f3 for k, f, for P and f8 for ts.

Numerical values for the fixed parameters were obtained from known

operating conditions and the drawings wnzcn were avaiiabl,_o ik.wevei-,t_.c

parameters (xo + _) and Pc were not known. Therefore, a transient test was

performed on the engineering sample of the hermetically sealed contactor to

....... _-_.4-_I model _obtain data to calculate (xo + _) and Pc- Since oLi_ _= .......

for a single coil device, an approximation had to be made Lo make this two

parallel coil unit fit the model.. The asstui-_ption _-" was trot, +his,_.two

coil device was equivalent ......_u _ _ coil unit_ _-_,-_ng__,_............+h_ nnmher of turns

equal, to the average of the two coils and the total coil resistance measured

at the time of the test. Since only the pick-up time was involved then

the coil resistance is that of the two coils in par_llelo

}(,elationship fa was used to compute x o + _ since the parameters tp, N,

_o A, R c and _ were either measured directly or calculated from drawings. A com-

bination, of fl and fa with (x o + _) el_ainated from them was used to compute

o _h.!s combined equation wasPO I ° _

tp = h_ (9)
i-_
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The test data (obtained from Figure 7, Section IV, 12th Interim Report)

and calculations used for determ.zining Po and (x o + _) were:

tp = 13.5 ms

= O.75

Rc = 34 ohms

N = 1388

_oA = 0.9.22

The calculated value of x o + _ is 53.6 x 10 -3 inches and Po _s 4750 grams.

With these values then the numerical values of the selected parameters are

as follows:

E = 28 volts

P, = 0.725 inches

s _ 1.93 inches

xo + _ = 5_ x iO-3 inches

= o.57

= 2 _u 0.i o inches

Po = 4750 grams

M = assumed constant

: 0.59 value to maximize

pull per watt

The n_merical value of the iO rer_ining parameters carl now be calculated starting

with relationship fl o. From relationship f10 the value of q is 0.065. Next the

core diameter d is calculated from f9 as d -- 1.1/+ inches. The value of _oA

calculated from f? is 3.01 lines per amp-turn inch. From e_f]ation 5 combined

with 6_ 7 and 8 the value of N is 1355 turns. By using equation _a the value

of Rc is 45.2 ohms. From equation 3 the value of 6 is 1.183 x 10 -a inches

which is approximately &29 wire. Now using relationship fa the value of tp

5-I
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seating time t from f8 is 27 milliseconds.
S

is 19 milliseconds. Relationship f3 results in k equal to approximately 8

milliseconds. The value of coil power P from f, is 17.4 watts. The total

These values are tabulated below

: = 0.065

d = 1.14 inches

for convenience.

_oA = 3.01 lines per amp-turn inch

N = 1355 turns

Rc = 45.2 ohms

8 = 1.183 x 10-e inches

(approx. _29 wire)

tp = 19 ms

k = 8 ms

P = 17.a watts

ts = 27'ms

I

I
I

I
I

The steady state power required of the modified unit is essentially the

same value as the hold power on the original unit but the mod_ fied unit has

only one coil and consequently no coil switching contact arran:_e_nento The

pick-up t_me of the modified unit is longer than the original by about 50%

but this is caused by the fact that the operate current is less in the modified

unit. The outside dimensions and co:_figuration of the modified unit are the

same as in the original. The primary change is that the movable core diameter

is increased from 0.684" to 1.12+0,'with the associated change in the inside

coil diameter and stationary core diameter.

6-1
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SUMMARY

Part E

Vibration

The objective pursued in this part is to study mathematical models of

certain types of spring mass systems, first assuming linear springs and

then eventually non-linear springs, in order to better understand the dynamics

of the contact system. In order to obtain general solutions of useable

form, limitations are put on the number of degrees of freedom in the mathe-

matical model. The dynamics of the actual device may be active in all 6

degrees of freedom with certain ones being the most critical. The problem

then is to decide which mathematical model can be used with a particular

device in order to obtain the most accurate information.

The first section of this part presents the development of a mathe-

matical model for a two mass two spring linear system and experimental

results of a particular power relay which could be represented by this

model.

The last two sections of this part present a thorough analysis of the

resonant conditions existing in the contactor and container of the 75 ampere

rotary type relay. The cantilevel way the unit is mounted in the container

and the manner in which the contact system is mounted on the coils results

in a multimass-spring system with several degrees of freedom. Several

different mounting arrangements of the unit inside the container have

been evaluated. Improvements have been made with these different ar-

rangements but the shift in the resonant condition is not sufficient yet

to decrease the G level experienced by the contacts by the required

amount. However, the contact pressure and mass is such that the contacts

will withstand 30 or more G's. If the relay and container resonant frequency

can be shifted far enough beyond 2000cps then a satisfactory unit can be

developed.
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SECTION IV

APPLICATIONS OF VIBRATIONS THEORY IN RELAY DESIGN

Introduction

This study _s conducted to primarily investigate and attempt to

determine the dynamic characteristics of the contact system of a

particular type of electromagnetic relay. The development of sophis-

ticated guided _missile systems has created applications for this par-

ticular make of relay in which its structure would be, in certain cases,

subjected to external vibration in various forms.

As the mounting case of the relay is subjected to different types

of vibration, the moving components of its contact system may randomly

separate from the closed position for small periods of time or they

may chatter or bounce indefinitely after inital separation. The cause

of initial separation of the closed contacts is the fundamental con-

sideration of this study. Any subsequent motion is beyond the scope

of this development.

_Tse__._° ma_c of _ _und_nt_ theory of coi_t&ct Se_l'_it±O_ _v_±op_

by the author and Dr. R. L. Lowery, and Mr. B. C. Riddle during the

early months of this year, I to explain, theoretically, the motion of

the contact system components due to a certain type of external

vibration input. Mathematical models tailored to the contact system

of the particular relay being considere_ are discussed in order to

clarify the application of the contact separation theory.

ILowery, Dr. R. L., Riddle, B. C. and Stone, G. C., Vibration Control

in Relay Design, Part I, Interim Report No. 7 and Part II, Interim

Report No. 8, NASA, Contract: NAS 8-2552.

1 - IV
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& Certain tests in which the components of the relay's contact system

were subjected to various types of simulated excitation, were conducted

and the results are discussed and compared to the theoretical explanation.

It is well known that the relay designer is being incumbered with

a multitude of unsolved problems in the area of contact system com-

I

I

I

ponent separation due to external vibration. At present, his demand

for new knowledge concerni_ these problems cannot be satisfied. It is

the ultimate purpose of this study to gain further information about

electromagnetic relay contact system dynamics which may be of value to

the relay designer.

I

i

P

Application of Theory

The particular relay considered is shown in Figure ii, page l_ It

features t_mee separate contact systems actuated by a single solenoid.

These contact systems will be referred to as upper, middle and lower

according to the mounting position of each in Figure ll. The middle

I
I

I

and lower contact systems are virtually the same. The upper system

differs from the other two in that the structure of the permanent con-

tact does not contain the vertical stiffener found on the other two but

merely has a small, square shaped piece acting as a stiffener.

External excitation may come from many directions owing to the

i

I
I

particular mounting position of the relay and the direction of external

vibration. Only external excitation applied in the vertical direction

parallel to the longitudinal axis of the solenoid plunger rod will be

considered. (See Figure ll).

Mathematical models with controlled parameters are now discussed.

I

For each model, mathematical expressions predicting contact separation

criteria are developed.
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Oneother point must be made clear. Only a sinusoidal

type input is considered throughout this study.

Stationary Contact _ Translatin_ Contact Flexible

!
I
i

I

I

I
IP

Each contact system of Figure 11 may be considered separately.

Let it be represented by Figure" i, page 3 •

To be@in the mathematical developmer_t_ .a_simple case is _investi@ated,.

The stationary contact is assumed perfectly rigid (k --=). Overtravel

must be provided entirely by the flexibility of the translating contact.

Let the translating contact be represented by a mass, m, connected to

a weightless linear coil spring with constant, k, as shown in Figure i.

IGID STATIONARY
CONTACT

g _ LR(t) ,

i 0o SIN wt "_/I -I-}

I

I
I

I

Figure 1

Schematic diagram showing stationary

contact rigid, translating contact

fl'exible.

Figure 2

Free body diagram of the

system shown in Figure i.

The linear (force deflection curve is represented by a stral.ght llne)

spring provides the means for plunger overtravel through the deflection

6, as shca_n in Figure i.

Allowing only linear motion along a single axis (single degree

of freedom), neglecting damping in the system, and assuming sin-

usoidal motion of the base

3-1V



Let: s = absolute displacement of the base

u = absolute displacement of the movable contact

k = spring constant of the spring representing tha

flexibility of the translating contact

m = mass of the translating contact

6 = deflection of the translating contact spring from

its unloaded length

Fpl = k5 = translating contact spring preload

R(t_ = time dependent reaction force between .the mass and

the base

From Figure 2, the differential equation of. motion is

mu - Fpl+ R(t) = 0
(l)

P
For R(t) > 0 the contacts have not separated and, _ =

Then R(t) -- Fpl - _s"

For contact separation R(t) = 0 and

(2)

b

i

|

!

or

Where

Where

eG-

Fpi = ms

Fpl

GL = --
w

o@

8

GL= -- = number of g's acceleration, and w =mg

g

g = 3S6 in/sec2

(3)

(#)

!



!

&
I

!
I
i
1
I

I

equation (4) indicates that contact breakage will occur only when the

base is accelerating upward. Equation (4) is an expression of Newton's

second law. Notice that equation (4) is independent of excitation

frequency.

As an example using equation (4), let w = 0.148 lb. and Fpl = 0.92 lb.,

equation (4) yields: GL= 6.21 g's.

Both Contacts Flexible

Both the stationary and translating contacts are considered flexible.

The translating contact and its flexibility are represented as shown in

Figure 1. The stationary contact and its flexibility can now be re-

placed by a prismatical cantilever beam. A close inspection must be

made of the dynamic characteristics of this beam. A prismatical

cantilever beam represents a continuous elastic body and hence possesses

infinite number of degrees of freedom (see Figure 3). However, by

assuming the form of the deflection curve to be k_lown, Lord Rayleigh (2) I

h;_s shc._._t_mt thp. _tem can be treated as one with a single deRree of

freedom as long as only properties involved in the fundamental mode of

vibration of the beam are sought.

According to ratio of length to thickness, it will be assumed that

the cantilever beam representing the stationarj contact must be quite

stiff with respect to its mass and length. This assumed character-

istic allows the beam to be replaced by a single degree of freedom

system.

INumbers in parentheses refer to sources listed in the selected

!

!

biogTaphy.
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Figure 3

Unifon_1Cantilever Beam

According to Rayleigh's method, it is ass_ned that the amplitude

of the beam at any point x is given with sufficient accuracy _y the

I

P

I

statical deflection curve of a weightless cantilever beam wlth a con-

centrated load, p, at hheend.,

Z=_Zo "-

Writing this equation in the form

ill C_)

pL 3

Where Ze ---- is the amplitude of the free endsthe stiffness
3El

at the free end becomes

L

,

3El

keq =-- (6)
L3

The kinetic energy can next be detezained by integrating the product

of mass and the square of the velocity over the length of the beam

! ILW

Tmax =-
2g .

|
I

(u_)2dZ =

'J" L"/ "' J

(7)

i



!

I Where w = weight of the continuous be_,_ per unit length, lh/ft.Equation (7) indicates that for the assumed deflection curve, the

I c°n_inu°us beam is equivalent in vibrati°n cha!Icterist_cs t° _hatof a weightless beam with a concentrated weig _oWL)at the end.

I The cantilever beam can now be replaced by a Weightless, linear
coil opring _ith equivalent constant, keq = --, and a lumped mass

33 L3 •

m = V wL.
I lhe two contacts and their represented flexibilities are sho_m in

Figure 4.

I I I "" I t_¢ O_I_l'I'^O'l'¢_^I:"I'¢_

I ------- y:u-S

I
"" Figure 4

I
!

Schematic diagram showing both contacts

and their represented flexibillties

I
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i From Figure 6, it can be seen that plunger overtravel is provided
through 6, which is now the sum of the deflections of the trans-

I lating contact spring and the equivalent stationary contact spring:Before motion of the system in Figure _ can be studied, the

.... -_°_+_ ...... ve of the _p_...."_ .........g ÷_. the, _]=_i_._, of

I each contact must be examined (see Figures 5, 6, 7 and 8).

• , UNLOADED SPRING
i _ _ I- " POSITION

| I I L-'f t t EQUILIBRIUM POSITION

I I I _'?K I OF CONTACTS AFTER
I I ..L__ _'] D PLUNGER SEATS

DEFLECTION Z

Figur_e 5

Schematic diagram of translating contact system.

t A FORCE

I _"-- ----_ EQUILIBRIUM POSITION

| I N N NEW FORCE DEFLECTION

I I _ "__ " FOR PRELOAO' FPL

I

Figure .6

Force-deflection curves for translating contact spring.
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I BASE 'J
,.,,,.,/

I °

L' ,--t EOU,LIBRlUM
_' I OF CONTACTS AFTER
I^ - PLUNGER SEATS,
n2 UNLOADED SPRIN

POSITION

Figure 7

I Schematic diagram of stationary contact system.

t FORCE

n \ \ [

CURVE FOR PRELOAD, FpL _. A2
I%' ' I

,
I _,,,,EQUILIBRIUM POSIOF CONTACTS AFTER \ \

PLUNGER S'E ATS

5EIA2
II FPL" L3

I
Figure

I

DEFLECTION

Force-deflection curves for equivalent stationary

contact spring.
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Each contact spring is deflected an amount, A, which has the effect

of producing a new force deflection curve for each spring, parallel

to the original one, but displaced along the vertical axis of the

force-deflection plot(see Figures 6 and 8).

Again, only one degree of freedom is allowed and damplug in the

system is neglected.

Assuming sinusoidal excitation of the base,

Let : s

u

Y

k

= absolute displacement of the base

= absolute displacement of the contacts before

separation

=U-- S

= spring constant of the translating contact spring

3El

L3
= spring constant of the equivalent spring representing

the stationary contact

m = the mass of the translating contact

[ _,|33|/_L|= the mass of the stationary contact

\ 1/_OAg ,/

A !

A2

F_

6

= deflection of the translating contact spring

from its unloaded length

= deflection of the translating contact spring

representing the stationary contact from its

unloaded length

3EIA2

= k/11 =_= contact spring preload force
L_

= AI + /12

Prior to separation, the contacts may be considered coupled and

• p3V_L\
oo__o_o_oo__ ono_o__,_,_ -_+l_-_. _o__o0.9

kl/4G\g /
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= an10,heo,ioneuionlf°*ihekeelstOi8
_3

I

I

I
t
I

II
I

I

or

mtu+ kty--O

substituting y = _ - B" into equation (8)

.@

racy+ ktY = _ mt_"

But:

Therefore:

s = so sinwt

=_= _oCOS_,

F = - W2So sinufG

mtY + ktY = mt_s o sinwt

3EI As 3EIF'L" L' -V "y

_¢__WL
1140 g !

I t%J'l I ["_'_{_*}
FpI"= kA 0 ky i

lEQ__..UIL.IB._RIUM .PO..._SIT[O_N.N._
1 OF CONTACTS AFTER

: 1 PLUNGER SEATS

I Figure 9

Free body diagram of system immediately before separation

above the contact equilibrium position.

ll-IV

(8)

(9)
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EQUILIBRIUM POSITION

OF CONTACTS Af_R'-"-'-
g PLUNGER SEATS

140 g

i

T t
Fp = kA, ky

I

I

I
I

Figure lO

Free body diagr_u of complete system immediately before

separation below the contact equilibrium position.

Since the damping in the system has been assumed negligible, the steady

I
I

I

I

I
i

state solution of equation (ll) will have the form

y = Y sinai

=- Y(_ cosefo

_.,,,= _y=2 s_,.#,,

substituting for y an4 _r'in equation (ll).

- mb_Y + ktZ = _G_t/_so

eolv_g for Y:

_02So

...2 ...2

(1;O

(_)

(z_)

&
I
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T

I

I

I

= natural frequency of the

system

Separation may occur either above or below the armature seating

equilibrium position (see Figures 9 and lO).

Equation (12) shows that for y> 0,'_ < 0 and for y< O, _ >O.

Then if separation is assailed to occur above the equilibrium position,

I

I

l
IP
I

l
I

I

I
I

from Figure 9, at the instant that separation occurs, the acceleration

• (_V21of the equivalent mass, , _Lust be greater than the acceleration

_140_g I

of mass, m. Dividing the summation of forces on each contact by its

mass
3EI

- Fpl - __ y
I.3

Fpl- _ (_)
m

or

Fpl <
L+ m

Cy) (_8)

from Figure iO, then, again, the acceleration of the equivalent mass

I

13 - IV
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must be greater than that of mass, m, at the instant that separation

occurs.

or

Fpl +ky

m

3El

- Fpl +7 y

<

F_l<I \140g/
m

I+

 o1,F]

(17)

(y) (18)

The maximum value of y in equations (16) and (18) will most likely

cause separation. Equation (l_) expresses the maximum amplitude of y.

Therefore, equations (16) and (18) become

I

- bkeq) I

above eouilibrium

 _o so
Fpl <_q7 bi(_ -_2)J below equilibrium

(19)

(2o)

where

!,_ -

k = --

eq La

m

b=

7J
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Let

Then

@@

S

- = GL
g

--tD2S e

sin_t = GL
g

-it)2S o

If sinwt = I, then _ = (_)max
g

where GL = number of g,s of acceleration

Then substituting into equations (19) and (20)=- (GL)max (g) = _._so,

-7

_f(GL)max (g)(k - bkeq)_FPl](i + b)(_-_)
above equilibrium

<_GL)ma x (g)(k - bkeq )

(21)

below equilibrium

(22)

Equations (21) and (22) show that separation can occur at only

one position, either above or below plunger seating equilibrium. Due

to the arrangement of contact deflection, Fpl_O , assume that for

k > bkeq , m < wn. Then equation (21) cannot be true and (22) holds.

For m > wn equation (22) cannot be true and (21) holds.

Equation (21) and (22) differ only in sign.

separation occurs is of no consequence,

I

I (GLmax) (g)(k - bkeq )Fpl < (i + b)(_ - _2)

is valid for any frequency.

If the position where

(23)
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Substituting:

I plI<

injsec 

9.7s(GL)m_[ _0 gJ J

(fn_- f_)
(24.)

Equation (24) is much more representative of existing plunger

type contact systems than equation (4).

It is well to note that equation (24) becomes discontinuous as

f = fn" This means that any finite preload force will not be suf-

ficient to insure that the contacts will remain closed if the exitation

frequency coincides with the natural frequency of the contact system.

Data and Results

The relay shown in Figure ll, page 19, and also the same relay

heremetically sealed within its case, shown in Figure 12, were tested

using a sinusoidal input.

A MB Electronics CIOE _citer Unit was used to generate the sum-

ulated external vibration input to the two above mentioned specimens.

The CIOS _citer Table is partially shown in Figure 13, page 21. The

Control Cabinet for the CIOE Exciter Table is shown in Figure ]4, page

22. This cabinet contains a combination sinusoidal and random type

input generator with its amplifier and a multipurpose vibration meter.

Among the many capibilities of this piece of equipment is its

specially designed arrangement between the vibration meter and the

input generator which enables it to maintain a constant "G" level of

16 - IV



acceleration while automatically sweeping a present frequency range

either for a sinusoidal or randomtype input. This unit can also main-

tain a constant displacement while automatically sweeping a particular

frequency range, ,,cross-over" at present frequency and maintain a con-

stant "G" level of acceleration for a particular range of frequenciesj

either for a sinusoidal or randomtype input.

The CIOEExciter Unit can produce a rated 1200 lb. force vector.

The exciter table weighs 18.1 lbs. which meansthat the exciter table

can reachl200 lbs. divided by 18.1 lbs. or approximately 66.3 "G's"

of acceleration in the "no load" configuration. Neither relay speci-

menweighed more than 1.5 lbs. which left open the possibility of

reaching 1200 lbs. divided by 18.1 lbs. + 1.5 lbs. or approximately

61 "G,s" with the specimenattached to the table.

The caseless relay shownin Figure ll was tested to and including

60 "G's" acceleration using a sinusoidal input. The encased relay

I

I
I

shown in Figure 12 was tested to and including 35 "G,s, of acceleration

using a sinusoidal input to provide a means of comparing data and also

for detecting any changes in contact system performance due to the

ca_e. The results of these tests are shown in Figures 15 through 20.

Although a test of lO to 2000 cycles per second frequency range

I

I
I

was designated, a larger range was swept in particular instances in

which the contacts had separated at a frequency lower than 2000 cps

and remained so, as that frequency was reached. For instance, with

the encased relay, the frequency range was extended to 2400 cps in

order to determine the entire separation range for its upper contact

I

I

bar.

As a point of clarification, the area inside the curves shown in

17 - IV



Figures 15 through 20 designates the frequencies at which contact

separation is continuously maintained for a given "O" level of acceler-

ation.

To further qualify the results in Figure 15 through 20, the CIOE

Exciter Unit has two other limitations besides the 66.3 maximumat-

tainable "G" level. At lO cps, the lowest point of the designated

frequency range, due to a displacement limitation of one inch (total),

a maximumacceleration of only 5 "G's" can be reached. From lO to 20

cps the displacement limitation prevails. At 20 cps the maximumat-

tainable acceleration is 20 "G's". From 20 cps to 60 cps a velocity

limitation of 70 inches per secondprevails. By coincidence the

maximumattainable acceleration equals the value of the frequency until,

at 60 cps, 60 "G,s" can be reached. At 60 cps and higher frequencies

the "66.3 G limitation " prevails.

I
I

I

I

!

It is felt that the area of contact separation in the range of 400

cps for each contact bar in both specimens was due to the resonance of

a system comprised of the mass of the relay attached to a form of canti-

lever beam, the beam representing the portion of the specimen attachment

bracket from its attach points to the exciter tabl_ to the upper attach

points of the relay. It is felt tlmt the fundamental natural frequency

of this system coincides with 400 cycles approximately, Equation 24 on

page 16 produces curves of the same form as that of the theoretical

curves shown in Figures 25 through 29, pages 15 - II through 19 - II of

"Vibration Control in Relay Design,', Part II by Dr. R. L. Lowery, B. C.

_l_ and G_ C_ Stone_ !nter___ Report No: 8_ N_SAj Contract _AS 8-2552.

If tile contact separation range in and around 400 cps is ignored, it can

be seen that Equation 24, page 16scould be applicable in this particular

instance. The ,,roundness" of the lowest portion of the contact separation

curves indicates that some form of dmnping is present.

The instrumentation for the above tests is shown in Figure 13.
13 - IV
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Case less  Relay Mounted on Exciter Table  

19 - IV 



1 

8 
b 

1 
8 
1 
I 
I 
? 
I 
t 
I 
8 
t 
I 

-. r’lgure 12 

Encased Relay Eilounted on Exciter Table 
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CONCLUSIONS A_.$DRECOMI_IF_.$DATIONS

This study has dealt _th the basic but general question, "How

can the contact system of an electromagnetic plunger type relay be

designed so that it is least affected by a given external vibratory

excitation"? That Question can now be partially answered.

For relays which are analogous to the system in which both contacts

are flexible, the contact system should be designed such that the

natural frequency of the system is outside the range of required excit-

ing frequencies. It appears that the natural frequency of the system

should be below the operating frequency range for best design. How-

ever, this may not be possible if the relay is subjected to extremely

low frequency external excitation; since reducing the natural fre-

quency of the system requires a softer spring for constant mass. This

is not to imply that the mass of the system cannot vary. But, due to

electrical current carrying requirements and miniaturi_ation, the mass

of the contacts can vary on over a s_:all range. ±:_ v_.=_ ,__ .____ _

may be easier to cflange tile sprlng consDan_s in order gu ailed- bh=

system resonant frequency.

theoretically, according to equation (24) , the most desirable

condition, for this system is that for which k = bkeq , since for

this case any value of preload would insure that the contacts remain

closed at any exciting frequency over any range of acceleration. How-

ever, this is most difficult if not impossible to achieve in a given

physical system. }_ianufacturing tolerances would allow some value of

difference, no matter how snell, between k and bkeq , and the system

would once again be governed by a resonance condition, although the
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separation g level, at any frequency save resonance, would increase as

k approaches bkeq.

Optimum design with respect to the dynamic characteristics of

the system could be achieved if the stationary contact is made as rigid

as possible in relation to the other system parameters. To further guard

against contact separation, the mass of the flexible contact should be

made as small as possible.

Recommendations

The dynamic characteristics of the cantilever beam representing

the stationary contact should be thoroughly investigated both theoretically

and experimentally. Theory should be developed for and tests run on

a simulated contact system in which a cantilever beam which is very

flexible with respect to its length and mass is resting on a flexible

translating contac_ Also, the case in which a cantilever beam with a

nonuniform cross section is resting on a flexible translating contact

should be investigated.

Data from experimentation dealing with the particular relay in

this study showed that damping in some form is present in the system.

v% ..... _. _

Specifically, the separate effects of coulomb and viscous damping

should be investigated.

The effect of overtravel spring resonance should be considered in

any model having either helical or cantilever type springs in its con-

tact system.

The response from random rather that sinusoidal excitation should

be considered in all models. Combined random and sinusoidal inputs

might also be considered.
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All _Lodels should be mounted in various positions and tested to

investigate the possibility that multidegrees of freedom cases with

coupled modes exist. Certainly, _odels should be mounted so that

external excitation is applied perpendicular to that in Figure ll,

since it is felt that excitation from this direction would least

affect t]!e contact system.

b_iffer attachment brackets should be used in testing to avoid

specimen component resonance similar to that in Figures 15 through 20.

All values of acceleration for the tests of this study were read

from the vibration meter of the Exciter Unit. These values corae from

a signal generator mounted to the exciter table structure. Individual

accelerometer transducers should be attached directly to the specimen

and their output values should be used in lieu of those from the vi-

bration meter.

I

I

I

I

I

I

I,
I

I
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SECTION II

VI_ATION TESTING OF A 75 AMP. ROTARY TYPE RELAY

This discussion deals with the methods used to test the effects of

vibration on a rotary relay. Also included are graphs and explanations

of the results. The purpose of the tests was to see if the rotary relay

functions properly in a vibration environment. It was assumed that the

relay failed the test if there was contact breakage or chattering while

the relay was energized to its design specifications. The results indicate

at what frequency (cycles/sec.) and at what root-mean-square (rms) "g"

level the relay contact points broke and when contacts reclosed.

A MB Electronics CIOE Exciter Unit was used to produce the vibration

environment. The exciter unit is controlled by a Control Cabinet which

contains a combination sinusoidal and random type input generator _ith its

amplifier and a multipurpose vibration meter. The breakage of the contact

points was monitored by using a Tektronic Type 551 Dual-Beam Oscilloscope.

A breakage duration of lO micro-seconds was considered a failure. The

block diagram in Figure 1 shows the test set-up used while conducting the

test to be discussed.

The first test conducted was to determine the lowest and the highest

frequency at which the contact points opened (chattered) and reclosed for a

specific rms "g" level. The frequency was varied manually and in the areas

of interest the frequency was held constant so that maximum energy could be

put into the relay. This method of testing was different from the constant

sweep method to be discussed. This test was conducted on _he ',bare:,relay.

That is, out of its container and without the buss bars from the relay to

the _eader attached. Two different types of forcing functions were used.

These were: Sinusoidal and lO0 cycle Narrow-Band Random. The results are
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shown in Figure 2. The hashed lines show the frequency range for which the

contact points were opened or chattering. The symbol (@) is used for a

sinusoidal forcing function and the symbol (A) is used for a lOO cycle

Narrow-Band Random forcing function in this paper. As an example of the

results, in Figure 2, at 7 rms g's it can be seen that while exciting the

relay with a sinusoidal forcing function the contacts were closed at all

frequencies below 710 cycles per sec. A_ 7 rms "g's" and 710 cps the

contacts broke and remained open until a frequency of about 750 cps was

reached. Then the contacts closed and remained closed for the duration of

this run of the test. A frequency range from 80 cps to 2000 cps was checked

at each "g" level. When the relay was being excited by a lOO cycle Narrow-

Band Random forcing function of 7 rms "g's" the contact points did not

break until a frequency of 575 cps was reached. The contact points remained

open between 575 cps and 930 cps then they reclosed. At 1020 cps the con-

tacts again broke or opened and stayed open until a frequency of llOO cps

was reached. Then they again closed. The contacts remained closed for the

rest of this test run.

The second test could be considered a continuation of the first, but

instead of manually contrellir_ t_hefrequency, the __....___.v_o_Twas __wept at

30 deg/min constant rate between 80 cps and 2000 cps. The frequency was

swept both up and down the frequency scale. Thus, two frequencies for

breakage occurred in both the upper and lower failure areas for a specified

rms ,,g,,level. These two different break frequencies are caused by the

t_ne it takes to build up or dissipate energy in the relay depending on

which direction the frequency is being scanned. Therefore, the outer most

points on each side of the region the contacts were open is the frequency

at which the contacts reclosed. The inner points are when the contacts

2 - II
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opened. These points can be seen in Figure 3 which is the results of this

test.

The third test was essentially the same as the second test except the

buss bar was attached to the "bare" relay. That is to say, the method of

testing was the same only the relay had additional parts attached. The

results of this test are shown in Figure 4.

In comparing the results of the three tests, it is obvious that when

the relay is excited by either a sinusoidal or random forcing function, the

contacts chattered at or below the 3 rms "g" level. Using different test

methods and adding the parts to the relay only affected the frequency range

at a specific "g" level that the contacts were chattering. These effects

were most pronounced when a sinusoidal forcing function was used. An

interesting characteristic of all the test was how much larger the frequency

range at which the contacts were chattering was when the relay was excited

by a random force rather than a sinusoidal force. Adding the buss bars

did not affect the rms "g" level at which contact chattering began but

did affect the frequency range of chattering.

In addition to the testing being done a separate investigation is

4..... _"^_ to _+o_4_o ÷_ o??_+_ o? _ffer_nt parameters on the

system.

EFFECTS OF NONLINEAR ELEMENTS IN CONTACTOR ANALYSIS

An investigation is being conducted to determine what effects non-

linear elements have on the sensitivity of contactors to time varying dis-

turbing £orces. in ........ _ is _-__--:--_to _-_._- _.......i_.... _+4o_p_rD&c_r_

in overtravel springs affect the separation criteria of contactors when the

contactor is subjected to an outside sinusoidal disturbing function.

The investigation has two main purposes: First, to determine whether
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certain nonlinearities, particularily from the associated instability stand-

point, cause contactor separating to occur with a smaller outside disturbing

force than when the overtravel spring is linear, and second, to determine

if there is some combination of nonlinearity and physical parameters which

will make the contactor system relatively immune to outside disturbing

forces as far as contactor separation is concerned.

The investigation is being performed in two concurrent phases, ana-

lytical and experimental.

ANALYTICAL PHASE:

The analysis involves a lumped parameter system where the elasticity

is presumed to be contained entirely within the restoring springs and the

mass entirely within the contactor masses. The second restoring spring is

introduced into the system to account for the elasticity of the supposedly

rigid contactor and to permit study of the effects of varying the elasticity

of the "rigid', element.

Six system parameters are involved in the analysis; two masses, two

springs, the overtravel force and the nonlinearihy of the overtravel spring.

Whereas the analysis would be simple and straightforward in a linear

overtravel spring case, the introduction of a nonlinear overtravel spring

complicates the equations of motion to such an extent that closed form

solutions are prohibited. The complication results mainly from the over-

travel force. Application of a set overtravel force to a nonlinear spring

with a symmetric restoring characteristic results in a displacement of the

equilibrium position so that the system restoring forces are no longer

symmetrical about the static equilibrium position. This factor invalidates

the approximate simple harmonic solution for the response curve which is

widely used in nonlinear analyses involving symmetric restoring forces.
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This complication places the theoretical determination of the re-

sponse curve beyond the _cope of the investigation. However, this does

not prevent fulfilling the purposes of the investigation since a unique

phase plane delta program has been developed for the IBM 1620 which per-

mits determination of the backbone of the response curve. This can be

compared with the measured response curve of _u_l_......_r. _en_a_'-, 1 p_._se in _,e

final data reduction _.

Free body analyses of the contactor masses permit determination of

the relative displacements of the contactor masses from the equilibrium

position at which separation will impend. These are independent of the

system disturbing function but, in the nonlinear case, are implicit

functions of relative displacement and system parameters. 8olutions re-

quire fixing certain parameters and resorting to computer root solving

techniques. However, the capacity of the IBM 1620 permits determination

of meaningful families of curves which clearly indicate the effect of

system parameters on the relative displacement of the contactors at im-

pending separation. Although this portion of the investigation is not

complete there is ample evidence that system papameters have a marked ef-

fect on impending contactor separation.

EXPERIMENTAL PHASE:

A model of the contactor system has been constructed which will be

used in attempting experimental verification of the analytical fi_Aings.

Construction wa_ on an expanded scale in order to permit complete instru-

mentation of the contactor masses. Instrumentation will include acoelero-

meters, load cell and displacement measuring. Testing will be performed

using the MB C-lO Electrical-Mechanical Shaker System to provide the ex-

ternal excitation.
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Model design was based on duplication of the analytical lumped para-

meter system although an appropriate amount of spring mass must be included

with contactor mass to duplicate the analytical system. The contactor guides

use forced air lubrication in order to eliminate nonlinear friction damping.

Very little damping will be present and it will be linear. Previsions were

made for varying the nonlinearity of the evertravel spring as well as the

stiffness of both. Rigidity of the model is such as to prevent excitation

of cross modes and provide reasonable expectation of data repeatability.
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SECTION II

VIBRATION TESTING OF A 75-AMP ROTARY TYPE _LAY

The first part of this discussion is a continuation of the Twelfth Interim

Report. The relay was tested in different stages of assembly from the bare

relay to the relay in its container. "Table" accelerations of contact sep-

aration versus exciting frequency data were collected. The term "exciting

frequency" is the frequency of the driver or table. The latter part of this

discussion will be about the frequency response of the relay.

In the Twelfth Interim Report, the relay had been tested from the bare

relay to the bare relay with buss bars from the relay to the header attached.

The next step was to complete the reassembling of the relay or put it in its

container. This will be referred to as relay in the box as compared to the

bare relay.

So that more information could be obtained from the test, as accelerometer

was attached to the relay. Acceleration from this accelerometer will be cal-

relay, which will be used throughout this discussion with the accelerometer

attached. In the Twelfth Interim Report table accelerations at contact sep-

aration versus exciting frequency plots were made. In this report a ratio

of relay acceleration to sinusoidal table acceleration versus exciting freq-

uency will be plotted. This was done so that the contact separation plot

of the relay in the box could be compared to the frequency response of the

relay in the box.

A hole was drilled in the relay container so that the accelerometer

attached to the relay could be used to obtain data. A test to determine

contact separation was conducted on the relay in the box. The test pro-

cedure was to set the exciting frequency at a fitted value and vary the

1 - II
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table rms acceleration until separation occurred. Both the table and relay

accelerations were recorded. Figure 2 is a table and plot of the results of

this test. The plot was made using the ratio of relay acceleration to table

accelerations at contact separation versus exciting frequency. The small

circles are data points and the lines are interpolated. It should be pointed

_ u_ if _ - +_v_ .....__+_._.. at _+_+_..._ '__,-,_,,"_+._,',,",_ versus _xc_t_ng....

frequency would have been plotted, the plot would be the same as those in

the Twelfth Interim Report. There could be a small shift along the excit-

ing frequency axis of a few cycles per second. The relay accelerometer

indicated the contacts separated at about 40 "g's".

From all tests conducted on this rotary type relay for table acceleration

at contact separation versus exciting frequency, it can be seen that at cer-

tain exciting frequencies, the contacts separated at table levels below three

"g's". The contacts separated in all the stages of assembly but with small

shifts along the exciting frequency axis. In an attempt to explain why the

relay had this type of response in a sinusoidal vibration environment,

frequency response curves were obtained for the relay.

The frequency response curves were found by exciting the table with a

constant sinusoidal accelerations and reading the acceleration of the ac-

celerometer attached to the relay. The exciting frequency was swept at a

slow rate through a range from 70 cps to 2000 cps. Each test took about an

hour and a half. In each case, the relay was energized so that the contacts

were closed. Plots were then made of the ratio of the relay acceleration

to t_ble acceleration versus exciting frequency. The small circles are

data points and the lines are interpolated. Frequency response curves were

made for the bare relay, the relay in the box, and the bare relay supported

in different manners. Unless otherwise specified, the relay was always sup-

ported at the coil end as it would be in its container.

2 - II



Figure 3 shows the frequency response of the bare relay supported as it

would be in the container. The schematic in the upper right hand corner of

I
I

I

the figure shows how the relay was supported. Similar schematics will be

found on all frequency response curves _howing how the relay was supported.

From Figure 3 it can be seen that there are three predominant resonant fre-

quencies. The first occured at about 600 cps, the second at about lOO0 cps,

and the third at 1500 cps. By looking at the wave shapes of the table and

I

I

I
I
I

I

relay accelerometers it was found that as the first resonant frequency was

approached the waves were in phase. After passing _he first resonance the

waves were out of phase. At the second resonant frequency, the waves were

about 180 ° out of phase. And at the third resonant frequency, the waves were

varying from 90° to 180 ° out of phase.

Although the wave shape of the table accelerometer varied very little

from a sinusoidal wave, the wave shape of the relay accelerometer was very

nonsinusoidal above about 800 cps. At a future date, this wave will be

analyzed using a wave analyzer to determine the predominant frequency com-

ponents. Only the first resonant frequency wili be of interest and will

I

I

I
I

be referred to later in this report.

Figure 4 is the frequency response of the relay in the box. The resonant

frequencies are at about 650 cps, 1050 cps, 1300 cps, and 1800 cps. Com-

paring the shape of the first resonant frequency and its location on the

exciting frequency axis with the contact separation plot of the relay in the

box and its location on the exciting frequency axis it can be seen that

they are about the same. This indicates that contact separation occurs

I

I

I

I

as the relay begins to resonate. Contact separation did not occur at the

second resonant frequency with table acceleration below 20 "g's". The wave

shapes of the table and relay accelerometers at the second resonant fre-

quency were about 180 ° out of phase.

3 - II



It can be seen in Figures 3 and _ that the resonant frequencies are not

at any specific harmonic or sub-harmonic of the first resonant frequency.
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I
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This could mean that each resonant frequency is for different parts of the

relay and not a single part or that coupling and nonlinearities are occuring.

It is believed that the first resonant frequency is that of the relay. The

body of the relay is made up of the coil and shell. The shell is that part

of the relay which contains the contacts. (See Figure 1). This same first

resonance can be seen in Figure 3 and is seen to be located near the same

exciting frequency as in Figure _. To substantiate the resonance of the

I
1

I

body, the bare relay was supported in different manners to see if the first

resonant frequency could be changed.

The bare relay was supported at Both ends by adding a quarter-inch

L-shaped piece of aluminum to the original support' Thus, the body of the

relay was fixed to the exciter table at each end. Figure 5 shows the fre-

I

I
I

I

I
I

quency response curve obtained from the bare relay supported at both ends.

Now the first predominant resonant frequency occurred at about 1500 cps and

the second at about 1850 cp_.

Comparing the frequency responses of the bare relay supported at one

end, Figure 3, and the bare relay supported at both ;ends, Figure 5, the

first resonant frequency has been shifted along the exciting frequency

axis from about 600 cps to about 1500 cps.

Figures 6 and 7 show the frequency response of the bare relay supported

in the middle and at the shell end, respectively. When the relay was sup-

ported in the middle, the first resonant frequency was at about llOO cps.

I
I
I

one end. Supporting the relay in the middle and at the shell end, the first

resonant frequency occurred at 550 cps and the second at about 1300 cps. The

most predominant resonant frequency was at about 15OO cps.
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In the future, different types of damping will be used to try to lower

peak values at all resonant frequencies. Also, further investigation will

be made on ways to support the relay inside its container and on ways to

support the container so that resonant frequencies can be shifted beyond

2000 cps.

TEST CONSIDERATIONS

Excluding the data presented in Figure 7 which was the results of only

one test, all other data were collected at least three times on separate days.

Resonant peaks shifted along the exciting frequency axis not more than 50 cps

if they shifted at all. The peak values at the resonant frequencies varied

not more than one unit along the ordinate from one test to the next. All

other data points shifted less than 50 cps along the exciting frequency axis

and less than one-half a unit along the ordinate. In every test, data were

recorded every 10 cps as the exciting frequency was swept from 70 cps to

2000 cps. The data were plotted using 50 cps increments unless additional

points were needed for clarification.

Attempts were made to minimize the "cross-talk" of the support used to

hold the relay. As long as the relay was not near a resonant condition the

cross-taik was less than 15% of the driving "g" force. Pat in each case

as resonance occurred the cross-talk increased. The amount of increase de-

pended on whether the table and relay motions were in or out of phase. When

the table and relay motions were in phase the cross-talk increased from about

15% to about 90% of the driving force at resonance. If the table and relay

motions were out of phase cross-talk increased to about 200% of the driving

force at resonance. The accelerometer used on the relay has a cross sensi-

tivity of 2%

5 - II
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SUMMARY

Part F

Design Theory

Design theory deals with the problem of knowing when a group of

mathematical relationships form an independent set, and also when a set

of selected parameters are consistent. Consistent in this sense means

that the use of the relationships with a selected set of parameters will

not determine any parameter in the selected set by using the other para-

meters of the same set.

A mapping and decomposition technique was developed which provides a

convenient means by which a set of relationships can be checked for in-

dependence and a set of selected (specified) parameters can be checked

for consistency.

The problem of having to solve a group of simultaneous equations to

determine whether or not a given set of parameters is consistent was

examined. It was shown that this is a property of the particular form

in which the mathematical model is presented. This investigation also in-

dicated that the model could be presented in the form of a linear graph

with a one to one correspondance between branches and parameters. The

linear graph representation has some disadvantages in that any minimum

set of parameters which form a complete loop may or may not be a

consistent set. However, any minimum set of parameters which do not

form a complete loop is a consistent set_
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Use of Abstract Models in Relay Design

Dr. D, D. Lingelbach

Associate Professor of Electrical Engineering

Oklahoma State University

Stillwat er, Oklahoma

The design of a r_lay, as with other devices, involves some kind of
model from which various decisions can be made. Before the device can

become a physical reality, the model must present a set of numerical values

which are used to produce the device. The determination of the numerical

values is essentially the last step in the use of the abstract model, and
the model must be of a certain form in order to obtain numerical values

from it. There are a number of questions that must be answered which are

independent of numerical values. One of these is whether or not the col,

lection of relationships used for the model is independent. Another

question is whether or not a set of requirements, given in terms of a

restricted set of parameters, is independent. These two questions need
to be answered before the numerical values are considered. The second

question presented maybe answered at different levels of the system

representation. If the requirements do not involve a particular geo-

metrical configuration, then a more basic level of the system model maybe

used. The level of the model is determined by the parameters restricted

by the requirements. If the requirements involve a geometrical consid-

eration, then a model must be used which contains the parameters rep-

resenting the geometrical part.

A procedure is presented and illustrated in this paper which allows

one to determine whether or not the relationships representing the model

are independent. In addition, a scheme is discussed which allows one to
take a higher level model and reduce it to a more basic level. Also, an

example is given which demonstrates how to determine if a set Of restricted

parameters is independent or dependent, The problem of starting with a
basic level of the model and expanding it to a higher level is presented

but as yet no clear cut procedure has been developed to accomplish this
expanding directly.

The most effective way to present the concepts involved in using
different levels of abstracts or mathematical models is to take a oar-

ticular model and demonstrate the various operations. The manipulations of

abstract models, presented in this paper, allows one _o use _neir own
collection of design equations. In addition, _this discussion should

simplify and present some additional insight into the problem of design.

It seems reaso.n__bleto assumel that anyone designing relays must use
some kind of mathematical model to design from. This model would prob-

ably take the form of a collection of algebraic-trigonometric relation-

ships. The algebraic-trigonometric form must be available before numerical

values can be obtained for the parameters. However, if one uses this

form of the model to make all decisions then a lot of extra work is being

1
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done. A number of decisions can be made by using a model in which only

the functional form is presented, not the algebraic-trigonometric form.

Whether or not a given set of specified parameters is independent is one

problem which can be solved by using the functional form of the model.

In this part of the paper it will be assumed that the individual

already has a collection of equations which he uses in relay design.

Since each one would probably have a different set of equations for their
model of the relay, the model used here is not to be taken as aomplete

but is only uaed to convey some of the concepts involved in this kind of

developme_t.

The model used here for this discussiqn has 38 parameters and 21
relations. These 21 relationships are shown in the _Appendix. The form

of the model being discussed is obtained by listing all the different

parameters in a row arrangement and relationships in a column arrange-

ment such that only the parameters that occur in a given relationship

appear in that column. The 21 relationships and 38 parameters shown in

equation form in the Appendix are presented in matrix form in Figure 1.

One important phase of the use of any model is whether or not the

physical law relationships making up the model are independent. A de-

composition method has been developed which is very useful when the model

is of the form shown in Figure 1.I This decomposition method is defined
as follows:

Let [(Pi)] be the set of parameter sets of the physical law relation-
si_P s [fi]" Let [fu] be the subset of relationships such that each

parameter set (Pk) _as a parameter, say P'k, such that P'k does not belong

to any other parameter set of [(Pi)]. Removethe set of relationships

[fk] from the original set [fi]" Repeat the decomposition process on
th_ parameter sets of theremaining relationships [fi ] - Ilk ]. If this
process terminateswith no remaining relationships, the set of relation-

ships [fi] is said to be decomposable. The physical law relationships
are independent, if and only if, they are decomposable, a

This decomposition procedure is illustrated by using the model rep-

resented by the matrix shown in Figure 1. The procedure is to mark every

parameter that occurs only once on the matrix. This is easily done by

examining every row and marking anyrow which contains only one parameter.

The following parameters occur only once in the matrix shown in Figure l:

gp, c, d', i, K, m, M, P, r and ts. According to the decomposition
m_thod, each relationship which contains one or more of these "single"

parameters is removed from the model. '3 The first application of this

decomposition method removes relationships h3, h_, h_, hg, h13 , h15 , h17

and parameters gp, c, d', i, K, m, M, P, r and ts. This is shown in
Figure 2. Removlng these relationships and the "single" par&meters from

1'_'_Theory For Design, C. C. Freeny, Ph.D. Thesis, Oklahoma Star e Univ., 1963

3 "Single.. means the parameter appears in only one relationship of the

given or remaining matrix.



the matrix gives a new matrix. This sameprocess is performed on the new
matrix resulting in a second newmatrix. This procedure is continued until
either no ',single" parameters occur in the remaining matrix or no relation-
ships re_ain. For the model in Figure l, this procedure was applied four
times which resulted in no remaining relationships so the physical law
relationships of the model are independent.

!
I

I

I
I

I

I
I

I

I
I

Once the relationships are shown to be independent then it is

possible to use the matrix to determine how many parameters maybe arbi-

trarily specified and whether or not the set of specified parameters is
independent _ of_,.enumber _ _' o _• _alam_tv.s which can be specified arbitrarily
is equal to the number parameters minus the number ef relationships in

the matrix. In this case 17 parameters can be specified arbitrarily using

the matrix in Figure 1 since there are 38 parameters and 21 relationships,

In order to check to see if the 17 specified parameters are independent,
or not independent, the following procedure is used with the matrix in

Figure 1. Assume the parameters selected to be checked for independence

are the following: B, A, _, a, c, E, e, m, M, p, P, Po, q, r, ts, u and
X 0 •

i. Circle the occurance of each of the parameters (row) in all
relationships (column) and record this by placing a circle in the first
column of the matrix.

2. Check each relationship (column) to see if all the parameters

in that relationshi_ ame circled. If any such condition exists, then that

subset of parameters (contained in that relationship) is not independent
and any one parameter of that subset must be made unselecta-'_le. A new

parameter is then Selected and steps 1 and 2 repeated. If the condition

in step 2 does not exist then go to the next step.

3. Check each relationship (column) to see if all bu___ton._eparameter

in that relationship is circled (selected). _. If so, that one parameter
not circled is enclosed in a square and a square placed in the first column.

This parameter, now enclosed by a square, is fixed and is treated as a
selected parameter, i.e. all other occurancea of this parameter are

circled. This process is continued, rechecking each relationship to see

if all but one of the parameters are now circled. Continuing this pro-

cess will result in all of the parameters being marked either with a circle

or square, or the condition in step 2 is obtained, or neither of these
conditions occur. If neither of these conditions occur then the situation

of m parameters and m relationships with at least one uncircled parameter,
will occur. Then the m relationships will have to be solved simultaneously
in algebraic form for the m parameters. Whether a unique result is obtained

depends on the algebraic form of the m relationships.

The first step of this procedure is shown in Figure 3. Examination

of Figure 3 shown that the condition explained in step 2 does not exist.
Therefore, the condition explained in step 3 is applied. This shows

that relationships h@ and hi@ satisfy the condition of step 3. Following

through with the rest of the procedure gives the result Shown in Figure _,

Two sets of relationships had to be solved simultaneously, these were

3



h11 , h15 , h19 and hs, h6. The parameters involved in the simultaneous

solution are enclosed by a triangle. Since there were five equations

solved simultaneously, there were five parameters involved. The result

shown by the matrix indicates that the parameters selected are inde-

pendent, since all the parameters are either marked with a circle, square

or triangle. The alphabetical list at the bottom gives the order of
solving the equations once numerical values are assigned to the selected

para_neter. This notation is helpful when it is necessary to determine
numerical values for the parameters.

I

I

I
I

i

The mathe_ratica! model shown by the matrix in Figure ! conta__ns
parameters representing dimensions since the magnetic circuit is included.

The parameters b, c, d, e, f, g, h, i, _, m, p, q, r, s, u, x o and A are
dimensional parameters. Sometimes it is desired to know whether or not

a set of specified parameters is independent regardless of the particular

geometrical form of the device. Certain parameters like coil voltage E,

coilpower P, coil resistance Rc, pick-up time to, armature transit time
k are specified but the particular form of the aevice is not involved.

Therefore, a different level of decision is involved at this point. The
problem is whether or not the independency of a set of parameters of this

kind can be checked on the matrix in Figure l? This answer is yes but
certain dimensional parameters must be assumed if the matrix shown in

Figure 1 is used. This is not usually convenient to do. The most

convenient way to change the level of the system is by eliminating the
parameters not uesired zor more correctly, keeping the ones desired. The

desired parameters will be called necessary parameters and the level of

thesystem is changed by the following process.

I
I

2

1. Mark on the matrix in Figure 1 all the necessary

(desired) parameters that must remain in the system
model.

2. Mark all the parameters that occur only in one
relationship that are not necessary parameters.

3. If all "single" parameters are necessary para-
meters then the system level can notbe reduced. I

If there are "single,, parameters _-_ch are not

necessary then proceed to step 4.
4. Examine each relationship which contains one or

more "single', no_o_n.n-necessaryparameters. If the

relationships contain _ "single" non-necessary
parameters or "multiple" parameters _cessary or

non-necessary) then that relationship is removed

from the matrix along with all the "single', non-
necessary parameters, e If that relationship con-

tains any "s_ngle" necessary parameter then nothing
can be removed.

Ibid.

'Multiple,, means the paramet_s appear in more than one relationship
of the remainingmatrix.

4
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5- Repeat step 4 until no "single" non-necessary

parameters exists unless it is in a relationship

containing a "single,, necessary parameter.

This procedure is best explained by considering the following example
of reducing the system level or order. A@sume that the following are

the necessary parameters: _, E, k, M, P, Po, Rc, to, ts and x o. (Note
these parameters do not have to be independent, in _act in general they
probably will not be independent). Figure 5 shows the results of per-

forming steps 1 and 2. The necessary parameters are shown by a _ and

_..e _ non-necessary are sho_ by a 1.

The parameter go is "single', and non-necessary and is only in

relationship h7 . Eximination of h7 shows that it contains, in addition

to gp, only "multiple" parameters so h7 is removed from the matrix along

with _. The next "single" parameter is c and it is in relationship hi?.
RelatiOnship h17 contains only "single,, non-necessary or "multiple" para-

meters so it is removed along with the two "single" non-necessar_ para-

meters c and i. The parameter d' is next and it is removed along with

h13. The next non-necessary "single', parameter is _K which is in h3.
Examination of h3 shows that it contains a "single,, necessary parameter
so neither K nor h3 can be removed. The first three reductions are shown

in Figure 5. The final reduced matrix is shown in Figure 6. This matrix

contains the necessary parameters plus the additional parameters that are

needed to relate tMe necessary parameters and represents a different
level of abstract model since most of the parameters are independent of

the geometrical shape of the device. The number of parameters which can

be specified arbitrarily using the matrix in Figure 6 is 12_ The matrix

in Figure 6 can be shown to contain only independent relationships by using

the decomposition method described previously in this paper. I

The matrix in Figure 6 is used to determine whether or not the

twelve parameters that are under consideration are independent. Of the
seventeen parameters that were used previously in the discussion, only

eight are in the matrix in Figure 6 and these are B, _, E, M, P_ Po, ts

and x o. An additional four parameters can be selected to be specified
and these will be (_, a, _ and s). Using the matrix in Figure 6 to check

these specified parameters for independence gives the result shown in
Figure 7. The twelve parameters selected are independent.

The matrix shown in Figure 6 is said to represent a more basic level

of the abstract model since most of the parameters are more inclusive in

that they are independent of the geometrical form of the device. In ad-

dition the size of the matrix is smaller and consequently takes less time
to obtain results from it.

Up to tl_s point in the discussion, it has been assumed that the
collectio_ of equ_tions were available and the need was to determine

whether or not the collection of relations was independent and whether

or not a given set of requirements in terms of specified parameters was

I A Theory for Design, C. C. Freeny, Ph.D. Thesis, Oklahoma State Univ., 1963



I
independent. The inverse problem of finding a collection of relationships

to form the abstract model is not so well defined_ as yet.

I

I

I

I

I

!

On_ approach is to consider dividing the system or device under

consideration into characteristic subsystems. These characteristic sub-

systems could be those that are associated with a particular form of energy
conversion such as the electrical to magnetic conversion subsystem, the

magnetic to mecha_iical conversion subsystem, and the mechanical to electrical

converiosn (contacts) subsystem. Each general specification such as

temperature, shock_ vibration is then associated _ith each subsystem to deter-
1_ne the para_neters of the subsyst_n w_ch are influenced by the specifi-

.... 77 ....... & • 4- _

'-±_ea those that are -s,_a_j _-_uric_d _--_cation, fhe par_eters .... a_'e uj u_
general requirement and these are called the necessary pars_ne_ers. The

desire then is to develop a model which has tile property of consistir_ of

independent relationships, which will relate these, "and any other additional

parameters, together. The procedure then is to separate the parameters

into relationships based on whether or not there are known physical

principles which relate any of these parameters to each other or ad-

ditional parameters. For the class of parameters for which there are known

physical principles, choose the physical law relationships which relate

only the parameters from the necessary ones. If it is not possible to

find physical law relationships which involve only parameters from the

necessary class, then form relationships which use the smallest number of

additional parameters. This procedure is continued until a model is

developed t_t has the properties discussed earlier in this paper.

The discussion in this paper has tried to show that the functional
£orm of the abstract or mathematical model can be used to make decisions

which do not reqdire numerical values. In addition, a scheme has been

prese_ited which allows one to determine if a given collection of

equations, representing physical principles, are independent or not

independent. These equations, which are used to obtain the functional

form of the relationships, must show all the parameters involved and the
only numerical values allowed are those concerned with units.
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= 157.5

tp = l0 -s ..... _n
(Xo + _)Rc

p = E2/_c

sa (1 - g - _)(1 + 8 + a)_

Rc = (.SSx 10-6) .........
6_

_s(l - 8 - a)

N = (.39_)
62

ts = k + tp

O- _ _/_ 8 -

a = d'/d

r = _w+ 2u+ d + e
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SECTION III

AN INVESTIGATION OF Z_ ALTERNATE DESIGN _,L_P

The relay design map has been used as a method for obtaining allowable

design specifications, The procedure used is to select the designated

set of parameters and see if they "map through,,. The results of such

an operation will fall into one of three possibilities: (1) If the

set maps through, this indicates that the set is an allowable specification

set. (2) If the set does not map through because of a contradiction,

the set of specifications cannot, in general, be satisfied. (3) If

the set fails to map through and there is no apparent contradiction, no

information is obtainable from the map and two or more equations must

be solved to determine the allowability of the set of parameters in

question. In cases (1) and (2) the functional form of the relations

is not needed, however, in case (3) no information can be obtained un-

less the functional form of the relations in question is k_own. There-

fore, it should be kept in mind that the information that can be ob-

tained from the design map is limited to cases in which the functional

form of the relations is of no co:_sequence.

An independent set of relations can be altered such that the para-

meter-relation structure is different but the information and therefore

the system which is represented by the relations is unchanged. In view

of this possibility, a logical question might be; what effect does this

change have on the parameter sets which will or will not map through?

An example has been prepared as an answer to this question. The dis-

cussion of the example will explain what occurs and why.

An alternate representation of the design map is obtained by al-

lowing line segments to represent parameters and closed loops to

1 -III
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represent relations. This method has been suggested before, but has not

been used because of the problem of arranging the line se_lents to form

closed loops corresponding to the relations, without having a particular

line (parameter) appear more than once. This problem, it is believed,

can be overcome by proper selection of the relations which are to define

the system. Proof of this has not yet been obtained, but present results

are very promising.

The following examples apply to both questions presented above and

will be discussed with both problems in mind.

Consider a relay system defined by the following relations.

(i)

(2)

Rc (Xo+ _)_o]= (1_7.5) •
ENs

N2 s2 I i __
ts = ( ) .... Ln -- +

!°-s (Xo+ _)(Rc) ]-

IS M Xo 2 Rc ] ½(8.66 x 10 -3)

E2 _ (1 - _)[i - v2(1+ Kxo/eo)]

(3) P = E2/R c

(4) Rc = (.865 x 10-6 )

s2 (i - 8 - o)(i + 8 + _) £ gr

6 4

(.637) _ s (i - 8 - (;) gn
(5) N =

62

The parameters 4, 8, q, gn, gr and [1 - Ve(l - KXe/P°)] will be

considered constants in the example.
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A design map of this system is shown in Figure 1. A specification

set, Rc, N, s, E, Xo, _, M , has been selected for test. The result,

shown in Figure l, leaves the two para_eters 6 and _ undetermined and

therefore an appeal to the relations themselves is necessary to deter-

mine if the set is an allowable specification set. To do this consider

a system defined by the relations (4) and (5). Then the question be-

comes, is Rc, s and N a specification set for the two relation systems?

Let A = Rc

B=s

C=N

KI = constant

K2 = constant
B2L

Then (4) becomes A = KI
6_

K2LB

and (5) becomes C =------
62

Solving for
Ks C2

==

A

Solving for 6

8 = K_A

Therefore both _ and _ have been determined and the original set of

parameters is an allowable specification set.

Now if equations (4) and (5) are combined the result is equation (6)

(61) Rc = (2.14xlO -6) - -
[_2gn2 (i

3 -III
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If relation (5) in the previous system is replaced by relation (6),

a new set of relations is obtained which defines exactly the same system.

The map for this system is shown in Figure 2. The same set of para-

meters that was tested on the _ap of Figure 1 is shown to map through

in Figure 2. Therefore, the set is known to be an allowable specification

set. The point of the example is quite clear. A given set of para-

meters may "map through,, on one map and not on another apparently

equivalent map. The reason for this result is traced to the maps them-

selves. Although they are both maps of a set of relations defining a

given system, they do not contain the same information. For example,

the first map shows it might be possible to solve equation (4) and (5)

and obtain a relation involving only Rc and N. _ether or not this can

be done cannot be determined from the map itself, and therefore no set

of parameters containing both Rc and N would map through the design

map in Figure i.

The map in Figure 2 does not contain this possibility and the set

containing Rc and N mapped through. The difference in information con-

tained in the two maps is a result of the particular functional form

of the relat£ons themselves.

If the alternate representation were used the desi_l map of Figure 1

would appear as in Figure 3. Note that the parameter N appears t_ice

in the map and there is no possible arrangement that will eliminate this
!

problem since the indicated relation "[RcN is properly contained in a

second relation _Xo, _, Po, s, Rc, E NI.

The map of Figue 2, in alternate representation would appear as

in Figure _. Note that there is no parameter that appears twice and

yet all relations appearing in the system are represented. Use of this

-III



design map is quite simple. Any set of parameters which does not form

a complete loop is an allowable specification set. These which do form

a complete loop may or maynot be allowable. This is exactly the same

information which can be obtained from the standard design map . The

alternate design nap is of importance because it allows the listing of

all possible sets of parameters which will "map through,,. The method

for doing this will be the topic of a future report.
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onCTION IV

_fl_TIIODSFOR OBTAINING ALLOWED SPECIFICATION SETS

An allowed specification set for a system is any set of parameters of that

system for which arbitrary scalar values can be selected without any contra-

dictions arising. At present, the design map is used to check a given set of

parameters to determine if they are an allowable set. The results are not exact

since if the set fails to "map through,, some additional test are sometimes re-

quired.

_en a set of parameters does not give positive results on the design map,

it becomes necessary to determine which subset of parameters is causing the con-

tradictiono Once the cause of the difficulty is determined, removal of one or

more parameters from the set will give an allowable set.

Determination of the particular subset of the test set which disallows

positive results can become quite difficult when the test set has many elements.

This section of the report is concerned with the selection of allowed specification

sets and presents a method by which these sets can be obtained°

A useful technique employed in the selection of allowable sets is the fol-

lowing decomposition process:

Given a set [_i]of relations on the parameters [Pn ],

discard all relations involving a parameter which appears

in only one relation. Consider those relations remaining as

[_i] and again discard those involving unique parameters.

The set [_i] is said to be decomposable if this process

yields the empty set in a finite number of applications.

It can be shown that decomposibility is a necessary and sufficient condition

for independence of the relations under certain conditions. Therefore, the

1 _ IV
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terms independence and dependence will be used rather than decomposable and non-

dec ompo sable.

The key to checking specification sets lies in the fact that every independent

set of relations will have at least one allowable specification set. Also, it is

know that there does not exist any set of parameters which will map through a

dependent set of relations. The obvious result of this is that any subset of

parameters, which when deleted from the system leaves the relations independent,

is an allowable specification set. Therefore, any subset of the test set may be

checked for allowability without the necessity of trying to map it through with

the rest of the set. By the same reasoning any set of parameters which when

deleted from the system leaves a dependent system, will not map through. If this

is the case there is no point in trying to include it in any test set.

The above discussion suggests a method for generating an allowed specification

set. That is, select the para_eters one by one, testing each time to determine

if an independent system remains. If the desired parameters are selected in order

of their importance in the design then the best possible specification set is

obtained °

An example of this process is given in the sample selection problem which

follows.

Consider a relay system defined by the following relations.

(i) (_,_, Po, Rc,s, Xo, N)

(2) (_,_, M, Rc,%, Xo, N)

(3) (_, P, _c)

(5) (5, _ S, N)
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If the set IN, Rc, 8, xo, S, Po, O] is selected for test, the results are

negative as shown in Figure i. The original system is independent as shown by

the decomposition sets

ao [i_ 2_ 3] (first decomposition set)

b. [4, 5] (second decomposition set)

The system with the test set removed is

(i) (_.)

(2) (E,M, ts)

(3) (_.,P)

(4) (_)

(5) (_)

which is dependent since the decomposition process yields

ao [2, 3] (first decomposition set)

bo [1] (second decomposition set)

c. [4, 5] (this set is non-decomposable)

This result indicates that the set will not map t_ough and this fact is

also exemplified in the results of the mapping in Figure 1. If it is assumed

that the desirability of the parameters as members of the specification set is

indicated by their order as given above, each subset may be checked for allow-

ability. This process is indicated below.

Step l: The system with N removed is

(1) (_,E, Po, Rc,s, Xo)

(_) (_,_, M, _c,tx,Xo)

(3) (_,_, _c)

(4) (8,_, Rc, s)

(5) (6, _, s)
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which has the decomposition classes

a. [i, 2, 3]

b. [4]

c. [5]

Step 2: The system with [N, R c] removed is

(i) (0,E, _o, s,Xo)

(2) (0,_, M, ts,Xo)

(3) (E,P)

(4) (6,_, s)

(5) (s,9,,s)

which, when an attempt at decomposition is made, yields

a. [1, 2, 3] (first decomposition class)

b. [4, 5] (non-decomposable)

The implication of step 2 is that no set containing both N and R c will map through.

Since N is considered more desirable than Rc, R c will be removed from the set of

specifications.

Step 3: The system with [N, 8] removed is

(1) (_, E, Po, Re, S, Xo)

(2) (0, E, M, Rc, ts, x°)

(3) (E,P, _c)

(4) (_,, Rc, s)

(5) (_, s)

which has decomposition classes

F'_ 0 "_'1
ae L _, _,-, j j

b. [4]

c. [5]

5 - IV



I

I
I

I
I

I

I
9

I

I
I

I

I

I
L

Step 4: The system with [N, 8, x o] removed is

(i) (0, E, Po, Re, S)

(2) (0,_, M, So,ts)

(3) (_,P, _c)

(4) (_,IRc, s)

(5) (_,s)

which has decomposition classes

a. [1, 2, 3]

b. [4]

c. [5]

Step 5: The system with [N, 8, xo, S] removed is

(1) (¶,E, Po, Rc)

(2) (_,E, M, Rc,ts)

(3) (E,e, Rc)

(5) (_)

which has decomposition classes

a. [i, 2, 3]

b. E_]

c. [5]

Step 6: The system with [N, 8, xo, S, Po] removed is

(1) (_, E, Rc)

(2) (_,E, M, _c,ts)

(4) (_,_c)

(5) (_)
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which has decomposition classes

a. [2, 3]

b. [i]

c. [4]

d. [5]

Step 7: The systamwith [N, 8, xo, S, Po, _] removed is

(2) (_,M,R c, ts)

(3) (E,P, _c)

(4) (_,Rc)

(_) (_)

which has decomposition classes

a. [2, 3]

b. [I]

c. [a]

d. [5]

Step 7 indicates that an allowable specification set has been obtained,

retaining as many as possible of the original test set. An additional parameter

may be selected to replace Rc. In practice this procedure is accomplished very

easily and quickly and will allow the designer to pinpoint contradictions in tl_

specifications without having to map the entire set through.

It is possible for a single parameter, when removed from the system, to

leave a dependent system. It follows then that any set containing this parameter

will not map through. The procedure in the example allows a quick check for

It _might sometimes be desirable to obtain a listing of all sets of parameters

which will give positive results on the design map. If the system is represented

by a linear graph as was used for an alternate representation in the last report,

7-IV
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it can be shown that the "trees" of the graph are those sets of parameters

which give positive results on the design map° A method for obtaining a list-

ing of the trees is given below.

Given a linear graph with V verticies and E edges, form a listing of any

V- I vertex cut sets. (A vertex cut set corresponding to a particular vertex

is just a listing of the edges incident to the vertex.) Obtain the Cauchy pro-

duct of the cut sets and the result is a list of all trees of the graph. (The

Cauchy product will be explained in the example).

EXAMPLE:

Consider the system shown in Figure 2

Figure 2

The vertex cut sets are [A, E, D], [A, B], [B, C, E] and [C, D]. Select

V - 1 of these cut sets, [A, B], [B, C, E], [C, D] and arrange them in the

following manner _

(C+O)

Preform ordinary multiplication on the line sho_ obtaining

(AB + AC + A_ + BB + BC + BE) (C + O)

and ABC + ACC + AEC + BBC + BCC + BEC

+ ABD + ACD + AED + BBD + BCD + BED

Remove all products which contain the same edge twice and all products

which appear twice. The result is

ABC + AEC + BEC + ABD + ACD + AED + BCD + BED

Each of the products in the listing above is a tree of the graph and thus

is a listing of the parameter sets which will map through the design map.
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